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GENERAL INTRODUCTION 
In the aluminum industry, there is a long-standing problem of 
aluminum alloy attack on refractory materials. Industrial production 
of aluminum is an expensive process, involving several steps. In 
review, the Bayer process is used to separate the free alumina (AlgO^) 
from an alumino-silicate ore (commonly bauxite). In the Bayer 
process, a caustic soda solution is used at an elevated temperature to 
form a soluble compound, sodium aluminate. After decanting, the 
solution is supersaturated with respect to alumina and crystallized as 
gibbsite. To claim the alumina found combined with silica, a lime-soda 
sintering procedure is performed subsequent to the Bayer process. 
Aluminum is made from alumina by electrolytic smelting, often called 
the Hall process. During smelting and later remelting, molten 
aluminum metal attacks the refractory brick baths in which the charge 
is contained. This attack results in the destruction of the 
refractory bath, the loss of aluminum and the contamination of the 
aluminum product. 
Primary reduction of alumina to produce aluminum is done in an 
electrolytic reduction cell charged with a mixture of alumina and 
cryolite (Na^AlFg). Cryolite and other fluorite salts are used 
primarily as electrolytes and powerful fluxes. Reduction cells are 
commonly constructed with tri-layer walls. The outer structural wall 
is steel. The middle layer is constructed from insulating brick, 
often an alumino-silicate firebrick. The inner wall must be very 
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resistant to both molten aluminum attack and dissolution in mixed 
fluorides. Often carbon-carbon composite materials or graphite are 
used for the inner wall because of their high electrical conductivity. 
The bottom of the cell is the cathode. Carbon anode rods are hung 
into the molten salts, roughly three inches above the level of the 
molten aluminum. In this semicontinuous process, alumina is 
periodically added on top of the frozen crust, where it is preheated 
prior to mixing. A low-voltage direct current decomposes the alumina, 
releasing oxygen to the anode and aluminum to the cathode bottom. 
Several ceramic oxide materials have been tested as inner wall 
surfaces, but an economical solution has not yet been found. Alkali 
and alkaline-earth oxides have substantially higher thermodynamic 
stability than alumina, but also have high solubilities in molten 
cryolite. Alumina walls also dissolve readily, but do not contaminate 
the charge. With carbides, the formation of aluminum carbide is a 
limitation. For borides and nitrides, thermal shock is often a 
problem, but high cost is the greatest drawback. 
Secondary holding, refining and remelting furnaces present 
refractory problems closely related to those found in the primary 
production process. Molten aluminum is tapped from the reduction cell 
such that no cryolite passes into these furnaces. Here, a chloride 
mixture is often used as a flux. These furnaces are generally 
gas-fired reverberatory designs, characteristically having reducing 
atmospheric conditions. Currently, several high-cost refractories 
are being used in secondary processing, including magnesite-chrome. 
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Mg-Al spinel and high purity alumina. These materials are more 
vulnerable to thermal shock than less expensive alumino-silicates and 
hence, are not perfect answers to the problem. 
The economic problem of refractory performance is a function of 
many variables, not the least of which are energy cost, down-time 
and metal loss. There is a considerable economic investment in 
aluminum processing prior to secondary handling. The metal lost by 
penetration into and reaction with the refractories is not recoverable. 
Production down-time results when a bath requires rebuilding due to 
refractory failure. Rebuilding can be dictated by either loss of 
product purity or simply the mechanical failure of the walls. The 
labor costs for demolishing and relaying these brick walls can also be 
substantial. Relative to all of the other costs described above, 
many producers have apparently determined the cost of the refractory 
brick to be small, as indicated by the trend of employing more 
resistant, higher cost compositions. 
In spite of many years of work by numerous researchers, the 
problem of aluminum attack of refractories is possible more critical 
than ever before. Evolution in the aluminum industry has created 
the demand for higher product purity, shorter production time and 
higher energy efficiency. Simultaneously, there has been a trend 
toward higher performance alloys, which are also more corrosive. 
Even though refractory brick has improved steadily through the years, 
the need remains for formations of higher performance compositions. 
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Explanation of Dissertation Format 
The three body sections in this dissertation are self-contained 
papers corresponding to three distinct phases of research. The first 
paper was presented at the 88th Annual Convention of The American 
Ceramic Society. All three papers were written for submission to The 
American Ceramic Society for publication. This work is presented in 
alternate-thesis format in accordance with the Iowa State University 
Graduate College Thesis Manual. 
In the first phase of research, several alumino-silicate minerals 
with and without added light rare-earth oxides were tested for 
resistance to corrosion by molten aluminum. The results of these 
tests were reported in the first paper. Several possible mechanisms 
of refractory improvement were investigated in the second paper. In 
this phase, samples made from high purity alumina, silica and ceria 
were used to examine the roles of density, oxidation state, chemical 
stability and microstructure on attack resistance. In the third 
section of this work, theoretical lattice energy and enthalpy of 
formation were calculated for several light rare-earth pyrosilicates 
from structural information. 
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SECTION I. MOLTEN ALUMINUM ALLOY ATTACK ON RARE-EARTH 
DOPED ALUMINO-SILICATES 
6 
ABSTRACT 
Several alumino-silicate compositions were tested for molten 
aluminum alloy attack. These compositions were severely attacked by 
aluminum alloy 7075 and even more severely when 10% NagCOg was added 
to the alloy. The extent of attack was found to be proportional to 
the silica content of the refractory and especially of the matrix 
phase. The addition of rare-earths up to 15 percent by weight to the 
alumino-silicates virtually eliminated the alloy attack. These 
rare-earth containing compositions were also resistant to the attack 
of the NagCOg containing alloy. Bastnasite, a rare-earth concentrate, 
was found to be more effective at low concentrations than either CeOg 
or LagOg alone in rendering the alumino-silicates resistant to alloy 
attack. 
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INTRODUCTION 
The attack of molten aluminum on contact refractories is a 
critical problem. There is an increasing demand for higher purity 
alloys and greater energy efficiency during production. Fluxes of 
various types are often added to alloys to hasten processing at lower 
temperatures. These fluxes worsen the corrosion of containment 
materials. 
Many refractory compositions have been tested for aluminum contact 
with varying success and limitations. The bulk of these have been 
oxide materials, including fused alumina, various alumino-silicates, 
phosphates, magnesite, chromite, zircon, and periclase. Pure alumina 
is more resistant and noncontaminating [1] than many other traditional 
alumino-silicate refractory compositions, but is also more expensive. 
In phosphate and clay bonded alumina, attack proceeds through the 
bonding phase. Of these, the phosphate bonded refractory shows greater 
resistance, but it is vulnerable to thermal shock [2]. Similarly, 
chromite and zircon exhibit greater resistance to molten alloys, but 
they too are susceptible to thermal and mechanical shock [1, 3]. Some 
nonoxide compositions have also been tested, in particular, silicon 
carbide and silicon nitride. The SiC grains bonded by a second phase 
were primarily attacked via that matrix phase, similar to bonded 
alumina [3]. Pure SiC has only fair resistance to attack by salts of 
fluorine, such as cryolite (Na^AlFg), and is used in many remelt 
furnaces, as well as in electrolytic reduction cells. A greater 
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problem for SIC is the formation of aluminum carbide. During temporary 
shutdowns, aluminum carbide destructively reacts with water vapor [4]. 
Silicon nitride and nitride bonded SiC were found to be very 
resistant to all of the chemical modes of attack [4]. Nitrides are 
fairly sensitive to thermal shock [5]. The high cost of nonoxides in 
general and nitrides in particular is the main drawback of these 
compositions. 
Alumino-silicate refractories have the advantage of low cost and 
ready availability. However, they are readily attacked by molten 
alloys. The mechanism of attack was shown to be reduction of free 
silica by molten aluminum to produce alumina and elemental silicon [2, 
6]. The presumed redox reaction is: 
4Al(i) + SSiOg -»• ZAlgOg + 3Si(i) . 
Loss of aluminum, contamination of the molten alloy by silicon, and 
most of all, the destruction of the refractory are the costly results 
of this redox reaction. 
Compositions containing mixed rare-earth oxides and small amounts 
of silica have been patented for general molten metal contact [7]. 
These compositions suggested that rare-earth oxides might be an 
effective modifier for commercial silica-bearing refractories. 
The primary goal of this study was to improve the attack resistance 
of alumino-silicate refractory compositions by the addition of small 
amounts of the least expensive rare-earth oxides, such as cerium oxide, 
lanthanum oxide and bastnasite concentrate. 
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EXPERIMENTAL 
Materials 
Six commercial alumino-silicates (a bauxite, four grades of 
mullite and a kyanite) were used as starting materials in this study. 
The mullite samples were Mulcoa HP (M90), Mulcoa 70 (M70) and Mulcoa 60 
(M60) from CE Minerals^ and a mullite from Didier Taylor (DTM)^. The 
calcined bauxite (BX) was supplied by ALCOA^. The kyanite (KY), an 
uncalcined 325 mesh product, was supplied by Kyanite Mining 
Corporation*. 
The oxides of cerium and lanthanum and the mineral concentrate 
bastnasite were chosen because they are the most abundant and least 
expensive of the lanthanide series. All of the rare-earth materials 
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were supplied by Union 76 Molycorp, Inc. The bastnasite concentrate 
was a leached and calcined mineral (Product #4100). The cerium source 
was a 95% CeOg powder (Product #5310). A lanthanum carbonate 
(Product #5270) was the source of LagOg. The primary impurities of 
both the cerium dioxide and the lanthanum carbonate were other 
rare-earths. Typical lot compositions of these materials are given in 
Table 1. 
^CE Minerals, King of Prussia, PA. 
p 
Didier Taylor Refractories Corporation, Cincinnati, OH. 
^ALCOA, New Orleans, LA. 
^Kyanite Mining Corporation, Dillwyn, VA. 
^Union 76 Molycorp, Inc., Louviers, CO. 
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Table 1. Chemical analysis of rare-earths used in this study 
Composition Materials 
oxides Ceria La carbonate Bastnasite 
w% (calcined) (calcined) 
CeOg 95.0 <.01 44.0 
LagOa 2.5 99.83 29.0 
NdgOg 1.2 .01 10.0 
0.4 .01 4.0 
Other LnO - .01 0.9 
Total LnO 99.1 99.86 87.9 
SrO 600 ppm 50 ppm .67 
CaO 5000 ppm 500 ppm 1.23 
BaO - 50 ppm 1.84 
F 1200 ppm - 3.90 
SiOg - - 1.67 
- 100 ppm .84 
FejOj 100 ppm 20 ppm .45 
CO 1200 ppm - 1.50 
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Aluminum alloy 7075 was used in alloy attack tests, as it is highly 
corrosive and widely employed for refractory testing [1, 2]. The 
nominal composition of alloy 7075 is: 90.07 w/o A1, 5.6 w/o Zn, 
2.5 w/o Mg, 1.6 w/o Cu and 0.23 w/o Cr. 
Procedures 
Analysis of starting materials 
The chemical compositions of the alumino-silicate minerals were 
established using x-ray fluorescence spectroscopy^. Samples were 
fused into glass disks, 3 cm in diameter and 0.3 cm thick, using a 
lithium tetraborate flux doped with heavy x-ray absorber [8]. Primary 
alumina-silica calibration was done from known mixtures of alumina and 
fumed silica. Further calibration of alumina and silica with varying 
amounts of iron and titanium was necessary because of the relatively 
high absorption coefficients of these impurities in the minerals. 
Three certified alumino-silicate standard samples (NBS 696, NBS 97A, 
PIT 42) were also used to check the calibration. A sample was mixed 
from pure materials such that it contained alumina, silica and 
impurities in the same amounts as those detected in the bauxite raw 
material. This sample, known as a matrix matched sample, was analyzed 
to further verify the accuracy of the analysis. 
The x-ray fluorescence calibration was defined by a system of 
matrix correction equations. Matrix correction coefficients were 
^Siemens. 
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fitted to Eq. (1). Correction coefficient C values were applied to 
the matrix element intensities as noted in Table 2. 
Concentration^ = A + B(Ig) + Z C^ (Ig * 1^) (1) 
where 
Ig = intensity of the measured element, 
Ij = intensity of the matrix element i, and 
Cj = coefficient of influence of element i. 
The crystalline phase compositions of the alumino-silicate minerals 
were investigated using a Siemens D-500 x-ray diffractometer\ 
Table 2. XRF calibration coefficients 
Measured 
element 
A B C Note 
A1 1.17058 1.16103e-2 1.83456e-7 (Fe) 
Si 0.20614 1.20069e-2 1.54356e-7 (Al) 
Fe 8.42767e-2 2.54703e-3 0 
Ti 3.30710e-3 2.32721e-4 0 
^Siemens. 
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Preparation of refractory compositions 
The alumino-silicate minerals were hammer and ball milled to 
produce a raw material which was similar in processing to the one 
employed by the industry. Approximately 500 g batches of as-received 
alumino-silicates were hammer milled for 10 minutes to reduce the size 
of the aggregates to -28 mesh (Tyler). Following the hammer milling, 
the raw material was ball milled in water with porcelain media for 
48 to 72 hours. The slurry was dried at 110°C for several days. The 
particle size of the powder after ball milling was -100 mesh. Rare-
earths were calcined at ~1000°C for overnight prior to mixing with 
alumino-silicate raw materials. Rare-earths were not milled, as the 
average particle size for these powders was about 5 ym or less for 
all the rare-earths employed. Alumino-silicate and rare-earth oxide 
powders were mixed in dry form and tumbled in plastic jars to ensure 
homogeneity of the blend. 
To assess the attack resistance of a given composition, the 
pellets were uniaxially pressed from dry powders using a 1.9 cm die, 
without binders at a pressure of 52 MPa. No significant difference 
was noted in density and alloy attack resistance of the pellets 
which were pressed at different pressures or isostatically pressed 
at -200 MPa following the dry pressing. Therefore, for the remainder 
of the study, the pellets were only dry pressed as described above. 
In addition to pellets, a number of crucibles (with 3 cm diameter 
and 3 cm height) were cast from alumino-silicate slips (with or 
without a rare-earth addition). A typical slip was prepared as follows 
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500 g oxide powder was mixed with 700 mL aqueous solution which 
contained 11 mL Dowan #7 as deflocculent. The mixture was milled for 
24 hours. Preliminary casts all cracked upon drying Irrespective 
of the specific gravity of the slip used. To retard the moisture 
loss, a small amount of algin (0.3 w/o) was dissolved in water prior to 
addition of solids. The casts were dried in a controlled humidity 
chamber starting at nearly saturated atmosphere and room temperature. 
The humidity was slowly reduced to air drying over a period of 10 days. 
Finally, samples were dried at 110°C in an air convection over 
overnight. 
A number of firing time-temperature schedules were tried for each 
composition to maximize the sintered bulk density. Alumino-silicate 
samples without rare-earth additions were sintered at temperatures 
between 1400 and 1650°C. All of these were heated and cooled at a 
rate of 200°/hr. and held at the peak temperature for 12 hrs. The 
bulk densities of sintered pellets and crucibles were measured using 
the immersion displacement method. 
Slow heating was required on samples containing rare-earths in 
order to prevent the trapping of reaction gases. The final 200° of 
heating was typically done at a rate of 20°/hr. Soak times at the peak 
temperature were reduced to five hours. Peak temperatures required for 
sintering decreased as the concentration of rare-earths increased. 
Samples containing 5 to 15 w% rare-earth oxides were typically slow 
fired by heating at 20°C/hr. from 1250° to 1450°C and soaked for five 
hours. Some of the pellets and crucibles were deliberately underfired 
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to assess the sensitivity of the attack resistance to porosity. 
Alloy attack on refractories 
Two types of alloy attack tests were performed. The first 
involved immersion of pellets in a molten aluminum alloy contained in 
an alumina crucible; the second was similar to the ALCOA 72-hour cup 
test [9]. Aluminum alloy was melted and contained in the refractory 
crucibles. 
The second test was known to be more severe than the other 
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laboratory test methods [10]. Approximately a 2 cm piece of alloy 
7075 was placed in a refractory crucible which had a wall thickness 
of about 1 cm and heated to 810°C in an electric furnace in a static 
air atmosphere. The crucible and contents were maintained at this 
temperature for 72 hours. Pellet immersion tests were similar to 
crucible tests with the exception that the alloy was melted in an 
alumina crucible first and the test pellet was then immersed in the 
molten alloy. 
Unless they were varied intentionally, all attack tests were 
carried out on refractories having similar open porosities. At the 
end of the test period, the crucibles were air-cooled and specimens 
were sectioned. The extent of the attack was measured from the 
average thickness of the reacted zone. The reacted zone and its 
boundary with the unreacted refractory was clearly visible by a 
distinct contrast in color, as shown in Figure 1. The thickness of the 
reacted zone was also confirmed by scanning electron microscopy and 
electron probe microanalysis which will be discussed later. 
Figure 1. Alumino-silicate samples after 72 hours of molten alloy 7075 containment 
showing reaction product zones: (A) bauxite, (B) Mulcoa HP mullite, 
(C) Didier Taylor mullite. a = unreacted original refractory, g = alloy 7075, 
and 6 = reacted (penetrated) zone 
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RESULTS AND DISCUSSION 
Alumino-silicate Refractories 
Chemical composition of the alutnino-silicates 
The first step in the refractory evaluation was the 
characterization of a variety of commercial alumino-silicate raw 
materials with respect to chemical composition and phase distribution. 
As discussed previously, it is generally inferred that the silica 
(especially that in the matrix phase) is attacked by the molten alloy. 
This is not clearly demonstrated. There is no clear understanding 
whether the free silica, silicates or both are attacked by aluminum, 
or whether crystalline silicates are superior to a glassy phase [11]. 
Therefore, it was necessary to determine the chemical composition of 
various alumino-silicates used in this study. Chemical analysis of 
alumino-silicate raw materials as determined by XRF technique is 
shown in Table 3. With the exception of bauxite, the agreement 
between XRF analysis and that of the supplier is relatively good. 
The discrepancy observed for bauxite is believed to arise from the 
values reported by the supplier. The XRF technique proved to be 
accurate and reliable. Furthermore, multiple runs carried on M70 and 
BX showed that the reproducibility of the procedure was excellent. 
Assuming our analyses are accurate, the alumina content of the 
refractory compositions increases in the following order: KY, M60, 
DTM, M70, M90 and BX. The ratio of alumina to silica in M90 is 
almost that of pure mullite. The major impurity in all the samples 
Table 3. Chemical compositions of alumino-silicate minerals by XRF® 
Oxide Bauxite Kyanite Mulcoa HP Mulcoa 70 Mulcoa 60 Did. Tay. 
XRF Supp. XRF XRF XRF Supp. XRF Supp. XRF 
AlgOj 74.70 89.70^ 56.20 72.80 66.40 68.00 61.40 58.00 62.20 
SiOg 19.70 5.20 41.70 24.90 29.60 27.90 35.90 38.30 33.80 
FegOa 1.98 1.80 1.02 0.90 1.19 1.33 0.97 1.31 0.36 
TiOg 2.89 3.22 1.23 1.03 3.06 2.61 2.54 2.25 0.31 
CaO 0.25 - 0.09 0.10 0.14 0.06 0.12 0.04 0.20 
MgO 0.11 - - - 0.02 0.04 - 0.05 0.14 
KgO 0.69 - 0.02 0.02 0.03 0.03 0.04 0.03 0.77 
®Oxide form is assumed in the analysis. 
'^Supplier's AlgOg was determined by difference. 
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except DTM was found to be Ti02. The amount of alkali and alkaline 
earth was relatively low in all the samples. DTM appeared to have 
the lowest impurity levels. Overall, these minerals have relatively 
low and comparable impurity levels, with a broad range of silica 
content. The effect of silica content on the corrosion resistance of 
the alumino-silicate refractories was determined using this range of 
silica contents. 
Crystalline phase distribution 
The chemical composition of the alumino-silicates is undoubtedly 
valuable in assessing the role of silica content of the refractory on 
the corrosion resistance. However, unless one determines the phases 
in which the silica is distributed, the information would be incomplete. 
Semi-quantitative analysis of the crystalline phase distribution of 
the alumino-silicates was done by comparing the integrated peak 
intensities of the various phases to that of the corundum. The 
results are given in Table 4. One should note that the fractions of 
various phases reported in Table 4 represent the crystalline phases 
only. The method does not account for the glassy phase. However, 
some estimates can be made by comparing the chemical analyses and 
phase analyses data. 
Inspection of the phase contents of raw and fired materials 
indicates that BX forms only a small quantity of mullite compared to 
the others. The majority of the crystalline phases for the 
composition was corundum, implying that a significant amount of the 
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Table 4. Crystalline phase distribution of alumino-silicates 
Crystalline phase. % 
A1umino-silicate Mullite Corundum Quartz Kyanite Other 
Kyanite 
Raw 0 0 40 50 10 residual 
h peaks fired NA° NA NA NA 
Mulcoa 60^ 
raw 94 6 ND° ND 
f i red 99 ND ND ND 
D. T. mullite 
raw 74 3 22 ND 
fired 100 ND ND ND 
Mulcoa 70^ 
raw 99 ND ND ND 
f i red 99 ND ND ND 
Mulcoa HP 
raw 94 6 ND ND 
fired 99 ND ND ND 
Bauxite 
raw 25 70 ND ND 5% residuals 
f i red 35 55 ND ND 10% residuals 
®Raw means as-received powder; fired specimens correspond to 
powders heat treated at 1650°C for 12 hrs. 
^NA = not available; ND = not detected. 
^In both of these samples, there were very weak residual peaks 
which could not be indexed. 
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silica is in the glassy phase. Apparently, conversion of glass to 
mullite is hindered kinetically probably due to the presence of large 
grains of AlgO^. These grains do not appear to dissolve and 
recrystallize in the form of mullite during sintering. On the other 
hand, fired M60, M70, M90 and DTM exhibited only mullite as the 
crystalline phase. Since the chemical compositions of the mullites are 
different, they must contain varying quantities of silica in their 
glassy phase. One would expect higher silica contents in KY and M60 
than in M70 and M90. 
Sintering of alumino-silicates 
A number of sintering experiments was carried out on each 
alumino-si 1icate to determine the sintering time-temperature schedule 
to maximize the sintered density, and to minimize the open porosity. 
It is clear that greater open porosity increases the rate of attack 
by increasing the available surface area. The results of sintering 
experiments are shown in Table 5. In general, green densities of 
O 
M60, M70 and M90 were comparable (-2.0 g/cm ), while those of BX and 
3 DTM were somewhat higher, around 2.3 g/cm . Bulk densities of 
sintered pellets showed that fully dense pellets were obtained at 
1600°C or above for M60 and M70, and at 1650°C for M90 and BX. The 
other mullite, DTM, did not reach full density, but it was considered 
to be satisfactory for comparing the attack resistance of various 
dense refractories. It is also worth noting that the agreement in 
the sintered densities of duplicate runs at 1650°C was quite good. 
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Table 5. Densities and open porosities of sintered minerals 
Sample Green 
density 
Sintered 
density^ 
Est. thep. 
density® 
% theo. % app. 
porosity 
Mulcoa 60 2.04 2.79 2.81 99.3 0.72 
(M60) 2.03 2.78 98.9 0.62 
Mulcoa 70 2.07 2.87 2.90 99.0 0.47 
(M70) 2.08 2.89 99.7 0.48 
Mulcoa HP 2.08 2.92 3.07 95.1 1.75 
(M90) 2.09 2.94 95.8 1.65 
Didier Taylor 2.31 2.61 2.75 94.9 0.59 
(DTM) 2.27 2.57 93.5 3.94 
Bauxite 2.23 3.45 NA^ NA 0.46 
2.31 3.47 0.56 
®A11 tabulated samples were sintered at 1650°C for 12 hours. 
^Theoretical densities were estimated from the mullite and glass 
contents of the respective refractories and the supplier's product 
sheet. 
^Estimate was not made due to the presence of three major phases. 
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Since the pellets were held at the sintering temperature for 12 hours 
and heating and cooling rates were extremely low, the sintered 
densities were considered to be terminal for any given sintering 
temperature. 
Percent apparent porosity, 100 times the open pore volume divided 
by the bulk volume, is the most important sintering parameter for 
this study. While density will vary with composition, open porosity 
must be small and relatively constant throughout all of the 
compositions. As shown in Table 5, open porosities are minimal and 
similar. 
Based on the sintering data obtained from pellets, undoped 
alumino-silicate refractory crucibles were fired at 1650°C to achieve 
maximum density. At least three crucibles were sintered for each 
composition tested. Of the limited number of density measurements 
taken, achieved densities were 95% of estimated theoretical or 
better. Due to the 12-hour soak time, the sample densities were very 
reproducible, as indicated in Table 5. In certain cases, large 
internal cracks appeared in the thick-walled crucibles. Since these 
cracks increased closed porosity only, they were considered 
insignificant to the amount of aluminum alloy attack on the refractory. 
The sintered bauxite samples contained three major phases: 
corundum, mullite and glass. The densities of these phases are 3.97, 
3.157 and approximately 2.3, respectively. From the x-ray diffraction 
data in Table 4, the weight ratio of mullite to corundum is known to 
be 35:55. Assuming that the sintered bauxite is nearly fully dense. 
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the weight fraction of glass can be calculated. After normalizing, the 
phase composition is 52.3 w% corundum, 33.33 w% mullite and 14.3 w% 
glass. In volume percent, this composition is 44.0, 35.2 and 20.7 w%, 
respectively. This volume analysis compares well with micrographs of 
polished samples. The composition also compares well with the chemical 
composition data from x-ray fluorescence shown in Table 3. If there 
were no alumina in the glassy phase, from the above phase composition, 
the calculated chemical composition would be 72.4 w% AlgO^ and 27.6 w% 
SiOg. Since XRF analysis shows 74.7 w% alumina overall, the glass 
composition must contain about 18 w% AlgOg, with the remainder being 
silica and impurities. 
Aluminum alloy attack 
A number of alumino-silicate crucibles were tested for molten 
aluminum alloy attack for 72 hours (similar to the ALCOA cup test) [9]. 
An average depth of alloy attack was obtained for each crucible from 
the sectioned samples. The average depth of attack (expressed as 
penetration) is plotted against the silica content of the 
refractories in Figure 2. The figure clearly indicates that there is 
a linear relationship between the silica content of the refractory 
and the extent of attack on the refractory in agreement with previous 
work [12]. However, two of the refractories, BX and DTM, exhibited 
large deviations from the linear relationship. The attack on the 
former was greater and on the latter was lower than the trend 
established for the rest of the alumino-silicates based on the total 
Figure 2, Penetration extent of the alumino-silicate minerals is shown as a 
function of average silica content. Note that the bauxite and 
Didier Taylor mullite samples do not fall in line with the others 
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silica content. The small differences in minor constituent 
concentrations in these specimens cannot explain this behavior. 
Chemical composition of the M90 was very close to that of 
stoichiometric mullite (Table 2), and the only crystalline phase 
observed after firing was mullite for M90, M70 and M60. If one assumes 
that this refractory was devoid of any glassy phase, M70 and M60 should 
have either increasing quantities of glassy phase or increasing 
concentrations of silica in the glassy phase, since their total silica 
content was higher. As the fraction of the glassy phase increases, 
the extent of attack should increase as well. This agrees quite well 
with the established trend in Figure 2. Chemical composition of BX 
was closer to stoichiometric mullite and to that of M90, yet after 
firing, it contained a large fraction of corundum. This indicates 
that even prolonged firing at elevated temperatures could not 
transform corundum and silica to mullite phase. Thus, silica appears 
to remain in the matrix of the refractory in relatively large 
quantities. Such a silica-rich glassy matrix phase is expected to be 
attacked by the aluminum alloy. A similar plausible explanation can 
be offered for the observed greater than expected attack resistance of 
the DTM sample. As-received DTM contained a significant amount of 
quartz. After firing, however, the only crystalline phase was mullite. 
Apparently, some of the unreacted quartz was left in the matrix as 
silica grains. These pure SiOg grains dispersed in the refractory 
in essence lowers the SiOg concentration of the matrix rendering this 
material more resistant to alloy attack. Indeed, optical microscopic 
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investigations revealed large grains believed to be remnants of initial 
quartz grains. The results obtained in these attack tests indicate 
strongly that total silica content of the refractory composition 
and especially of matrix phase determine the extent of alloy attack. 
The results also imply that crystalline alumino-silicates are more 
resistant to alloy attack than those in the glassy phase. 
Rare-earth Doped Bauxite 
Chemical and microstructural analysis of alumino-silicate 
refractory compositions showed that molten alloy attack is related to 
silica content of the refractory. The effect of rare-earth doping on 
the attack resistance was investigated by adding small quantities of 
ceria, lanthana or bastnasite to several of the alumino-silicates, 
but primarily to bauxite. Though similar effects were observed with 
the other minerals, discussion will be limited to bauxite, as this 
material was attacked more severely by the molten alloy. 
Sintering 
As with the undoped alumino-silicates, a number of pellets, having 
a broad range of ceria-doped bauxite compositions, was pressed and 
sintered at the various time-temperature schedules to determine the 
optimum conditions for sintering of ceria-doped bauxite crucibles. 
Preliminary experiments have shown that dry pressing followed by 
isostatic pressing of the pellets does not alter the sintered density 
of the pellets over those that were dry pressed only. Preliminary 
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sintering experiments indicated that for compositions below 30 w% 
rare-earth oxide, no significant densification occurs at a sintering 
temperature of 1350®C. In initial samples heated at 200°C/hr. to peak 
temperatures between 1400° and 1500°C, significant closed porosities 
due to trapped gases were evident, as shown in Figure 3. Small 
amounts of low temperature liquids (1350° to 1450°C) were formed due 
to the fluxing affect of the added rare-earth oxides. Gases were 
encapsulated by sealing of the surface, resulting in bloating. 
The slow heating technique solved this problem by allowing gases 
to evolve through the surface. As previously described, samples 
containing 5 w% to 15 w% rare-earth oxides were generally slow fired 
to 1450°C. It is important to note that closed porosity due to 
bloating or deliberate underfiring did not adversely influence the 
corrosion resistance, as shown in Figure 6c. Even with slow firing, 
rare-earth doped bauxite bulk densities were lower than the undoped 
bauxite due to increased closed porosity. Densities and porosities of 
bastnasite-doped bauxite, as shown in Table 6, are representative of 
the sintering results of rare-earth doped bauxite. Sintered 
densities are low relative to the sintered bauxite value of 3.46, as 
shown in Table 5. While the closed porosities are higher, the open 
porosities of doped samples are small and comparable to those of the 
undoped bauxite. 
Figure 3. Secondary electron images of fracture surfaces of 
(A) CB-1 (13 wt% Ce02 doped bauxite) and (B) CB-8 
(46 wt% CeOg). Large pore channels are shown in 
an otherwise dense matrix 
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Table 6. Densities and porosities of bastnasite-bauxite® 
Bastnasite 
(w%) 
Green 
density 
Sintered 
density 
% apparent 
porosity 
5 1.895 3.107 0.082 
7 1.889 3.094 0.092 
10 1.985 3.075 0.110 
12 1.981 3.153 0.052 
15 1.996 3.291 0.040 
18^ 2.012 3.296 0.072 
®A11 values are averages of four or more samples. 
^These samples were slow fired from 1300° to 1400°C. All others 
were slow fired to 1450° as previously described. 
Microstructure 
The x-ray diffraction pattern of 15 w/o CeOg doped bauxite 
showed corundum and ceria as the crystalline phases after firing 
(Figure 4). There were some residual peaks, but they could not be 
assigned to mullite or any other alumino-silicate phase. These peaks 
could not be indexed completely to any pattern that was on the JCPDS 
data base. This implies that all of the silica present in the 
starting bauxite went into a glassy phase or formed a new crystalline 
phase. One interesting observation was that the residual peaks did 
not appear on the samples that were fired at 1350°C or lower. The 
majority of these peaks were similar to those observed for CegOg. It 
Figure 4. X-ray diffraction pattern for a CB-1 (13 w% Ce02) sample fired 
to 1580°C. Corundum and cerium dioxide peaks are identified. 
Note the significant quantity of unidentified peaks. Corundum 
= (}), cerium dioxide = Y, unidentified = 0 
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was shown previously that CeOg is reduced to CegO^ in two steps in 
air [13]. The first is a small step in which CeOg becomes CeO^ 
between 700° and 900°C. The second and major step creates CeO-j g 
between 1400° and 1550°C in air in the presence of SiOg [13]. Although 
our samples were sintered to only 1450°C in air, it is expected that 
a small fraction of CegOg should form. Impurities in the raw material 
may also have induced reducing conditions. 
Backscattered electron (BSE) imaging and energy dispersive 
spectroscopy (EDS) by scanning electron microscopy were found to be 
quite useful for identifying the various phases in the sintered 
pellets. The BSE micrographs of two ceria-doped bauxite pellets are 
shown in Figure 5. Two types of grains were observed: the bright ones 
correspond to a phase with a high atomic number element such as Ce, and 
the dark ones belong to a low atomic element, i.e., A1 or Si. Energy 
dispersive analysis in the point mode showed that the dark grains are 
exclusively AlgOg, while the bright ones are composed of Ce and Si 
with very little Al. Pure AlgO^ grains are in good agreement with 
the corundum phase as observed by XRD. However, the presence of 
cerium and silicon in the bright grains does appear to coincide, at 
least at first sight, with XRD results which indicate only CeOg as 
the crystalline phase. A plausible explanation may be offered to 
reconcile the observed differences. CeOg may have been dissolved 
partially, probably with some reduction to CegOg, to form a liquid 
phase. During sintering, this liquid could promote precipitation of 
corundum from alumino-silicate phase. Upon cooling, the matrix 
Figure 5. Backscattered electron images of fracture surfaces 
of two ceria-doped bauxite samples 
(A) CB-1 (13 w%): Dark grains are AI2O3, 
bright grains contain only Ce and Si 
and are probably Ce2Si207. 
(B) CB-8 (46 w%): Dark grains are AI2O3, 
grey regions contain mostly Ce and Si 
with little Al. Brightest grains are 
exclusively CeO^. 
Ulrioc 
uiri oc 
LZ 
38 
essentially consisted of corundum and ceria as crystalline phases and 
cerium silicate as the glassy phase. Until more conclusive evidence 
is available, this interpretation should be considered as tentative. 
Aluminum alloy attack 
Aluminum alloy attack tests carried out on rare-earth doped 
bauxite crucibles Indicated that even small quantities of light 
rare-earth oxide additions to bauxite produced a remarkable improvement 
in the attack resistance of the refractory, as shown in Figure 6. It 
is clear that LagOg, CeOg and bastnasite were all quite effective in 
rendering the refractory attack resistant. Even the presence of large 
cracks or closed porosity did not seem to matter. The alloy 
apparently did not wet the surface of the refractory. In many cases, 
the alloy could be removed from the crucible easily after cooling. 
The extent of alloy attack, expressed as the depth of alloy penetration 
to the refractory, as a function of rare-earth oxide doping Is given 
In Figure 7. Data clearly show that the extent of attack decreases 
as the fraction of rare-earth oxide increases. Differences observed 
in the attack resistance of LagOg and CeOg-doped refractories are 
believed to arise from scatter in the measurements. In both cases, 
the refractory became totally attack resistant at doping levels of 
15%. Attack resistance of these refractories is further confirmed by 
the BSE micrograph of the ceria-doped bauxite sample shown in Figure 8. 
The boundary between the refractory phase (on the left) and the alloy 
(black on the right side of the micrograph) is very sharp, indicating 
Figure 6. Bauxite samples containing 15 w% rare-earth oxide are shown after 
72 hour tests with alloy 7075: (A) bastnasite, (B) cerium dioxide, 
(C) lanthanum sesquioxide. Only a slight reaction is seen. 
a = unreacted original refractory; g = alloy 7075 
Figure 7. Penetration by alloy 7075 is plotted for rare-earth oxide doped bauxite 
as a function of lanthanide content. The difference in rare-earth 
concentration of Ce02 versus La203-doped samples appears to be 
significant to the extent of alloy attack 
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Figure 8. Backscattered electron image of CB-8 after 
72 hours of alloy 7075 attack. Grey area 
corresponds to aluminum alloy on the surface 
of the ceramic material 
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that no reaction or penetration occurred during the 72-hour testing. 
Bastnasite apparently is more effective than the pure oxides, 
especially in the range of 7 to 15 w/o. This enhanced corrosion 
resistance may be the synergistic effect of cations present in this 
mixture. 
The influence of the addition of 10 w/o NagCOg to aluminum alloy 
7075 on the attack of a 15 w/o bastnasite-doped bauxite refractory 
is shown in Figure 9. Obviously, the NagCO^-containing alloy was more 
corrosive than the pure alloy which did not attack the same refractory 
at all (compare Figures 6 and 9). Nevertheless, the attack was still 
minimal. The extent of NagCO^-containing alloy attack on the 
refractory composition is given in Figure 10. In general, the extent 
of attack is more than was found for pure alloy for all the refractory 
compositions tested. As was the case in the pure alloy, increasing the 
doping level of the refractory with rare-earth oxide decreased the 
alloy attack. This decrease was more or less linear for LagOg 
and CeOg-doped refractories, at least up to 15 w/o rare-earth additions. 
The differences observed between the penetration depths measured for 
LagOg-doped and CeOg-doped refractories are believed to be due to 
experimental scatter in the data. Again, similar to what was observed 
in pure alloy attack experiments (Figure 7), bastnasite doping was 
found to be more effective in improving the corrosion resistance than 
either LagOg or CeOg-doped refractories. Apparently, optimum 
refractory protection was realized at 10 w/o bastnasite dopings above 
which no significant improvement was observed. LagOg and CeOg-doped 
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Figure 9. Bauxite containing 15 w% bastnasite is shown 
after 72 hours of alkali aided attack with 
alloy 7075 plus 10 w% Na2C03. a = unreacted 
original refractory; 3 = alloy 7075; 
Ô = reacted (penetrated) zone 
Figure 10. Alkali aided attack of bauxite doped with rare-earth oxides is 
plotted as a function of lanthanide content, a = unreacted 
original refractory; 6 = alloy 7075 with 10 w% Na2C03; 
6 = reacted (penetrated) zone 
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refractories did reach the same level of protection at about 15 w/o 
rare-earth oxide additions. 
As pointed out earlier, the exact nature of this enhanced 
protection offered by bastnasite over the pure rare-earth oxide is not 
known. The porosity levels of all of the refractories tested were 
similar and therefore, the effect is not believed to be due to 
variation in porosity. The improved corrosion resistance may have to 
do with the synergistic effect of rare-earth cations constituting the 
bastnasite. 
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CONCLUSIONS 
The present study has shown that the rate of molten aluminum 
alloy attack on plain alumino-silicate refractories is directly 
proportional to the silica content of the continuous matrix phase. 
The addition of small amounts of light rare-earth oxides dramatically 
reduced the rate of attack. The rare-earth oxide mixture bastnasite 
was more effective at low concentrations than pure light rare-earth 
oxides. Although sodium carbonate additions to the alloy increased 
the extent of attack on all refractory compositions, significant 
refractory improvement was provided by the rare-earth oxide additives. 
Previous work on the refractory corrosion by alloys showed that 
laboratory testing of the refractories does not always predict their 
performance in the industrial setting [14]. Consequently, a study for 
a large-scale testing is recommended. 
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SECTION II. THE ROLE OF CERIA DOPING ON THE MOLTEN ALUMINUM 
ALLOY RESISTANCE OF ALUMINO-SILICATE REFRACTORIES 
52 
ABSTRACT 
Rare-earth doped alumino-silicate compositions exhibited a greater 
resistance to attack of aluminum alloy [1]. The mechanism of improved 
alloy attack resistance was investigated. It was shown that addition 
of rare-earth oxide to bauxite altered the microstructure to form 
large, uniformly shaped corundum crystals interlinked with cerium 
containing strands. It was concluded that the unique microstructure 
provided by rare-earth doping of alumino-silicates was responsible 
for enhanced attack resistance of the refractories. Other possible 
effects for improving the alloy attack resistance, such as enhanced 
sintering, excess oxygen content of CeOg dopant, and higher thermodynamic 
stability of the doped refractory compositions were not supported by 
the experimental findings. 
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INTRODUCTION 
It is well recognized that the alumino-silicate refractories used 
for containment of molten aluminum are severely attacked by the alloy. 
Molten alloys are known to attack alumino-silicate refractories by a 
redox reaction. Silica and silicates are reduced to form elemental 
silicon while metallic aluminum forms aluminum oxide [1]. 
Several earlier investigators have tried compositions with lower 
silica content or a variety of dopants in order to improve the 
corrosion resistance of refractories with respect to aluminum alloy 
attack [2]. In our previous study, it was shown that doping of alumino-
silicates with small amounts of rare-earths was very effective in 
rendering these compositions attack resistant [2]. 
The rate of attack is known to be proportional to the silica 
content of the refractory and especially of the matrix phase [3]. The 
rate of attack depends on the transport of several elemental species 
and the rate of the redox reaction. While aluminum and alloying metals, 
such as Mg and Zn, diffuse into the refractory, silicon is released by 
the reaction and counter-diffuses toward the molten alloy bath. A 
schematic representation of alloy attack on a refractory and the related 
reactions are given in Figure 1. 
There are several mechanisms by which rare-earth doping may have 
improved the corrosion resistance of the alumino-silicate refractories 
to aluminum alloy attack. These may be either as simple as higher 
sintered densities brought about by the addition of large cations to 
54 
REFRACTORY REFRACTORY 
MOLTEN ALLOY MOLTEN ALLOY 
AI, Mg, Zn 
AUQ SiO, 
AI, Mg; Zn 
> 3SI _ + 2AI-0, 4AI , + 3SI0, 
Figure 1. Schematic diagram of molten aluminum alloy 
attack on a silica containing refractory. 
Alloy is lost by penetration and reaction 
with the refractory while silicon is 
released as a contaminant 
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alumino-silicates, or improved attack resistance due to the formation 
of more stable phases. It is also possible that the rare-earth oxide 
may act as a catalyst or mineralizer to alter the microstructure of the 
refractory. For instance, such small dopings may assist in 
devitrification of the matrix to produce a more resistant crystalline 
material. Furthermore, the molten alloy may partially reduce 
multivalent rare-earth oxides, such as CeOg, at the refractory surface. 
The possible formation of a more resistant rare-earth aluminate could, 
in principle, provide an improvement in corrosion resistance. 
The primary goal of this study was to investigate the 
potential mechanisms described above and to determine which mechanism(s) 
contribute to the improve alloy attack resistance of the rare-earth 
doped alumino-silicate refractories. 
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EXPERIMENTAL APPROACH 
In order to determine the predominant mechanism of protection 
provided by the rare-earth doping, a number of experiments were 
designed to isolate each of the mechanisms. It was known that the 
rare-earth oxides in general were thermodynamically more stable than 
a number of silicates and alumino-silicates [4]. However, there was 
no thermodynamic data to predict whether rare-earth silicates would be 
more stable than corresponding alumino-silicates. In fact, there was 
little information in the literature concerning silicates and aluminates 
of the rare-earth family. There are several binary compounds, but no 
known ternary rare-earth alumino-silicate compounds. All of the light 
rare-earths except cerium are known to form an aluminate (REAlOg) which 
is stable from room temperature to its melting point [5]. In contrast, 
cerium aluminate decomposes rapidly when cooled in air or in an 
oxidizing atmosphere to form CeOg and AlgOg [5]. Two rare earth 
silicate compounds, REgSigOy and REgSiOg, have been identified [6, 7]. 
At low rare-earth concentrations, the pyrosilicate (REgSigOy) is the 
dominant phase. Like cerium aluminates, the cerium silicates were 
found to be unstable under oxidizing conditions at lower temperatures 
[8]. In addition, light rare-earth pyrosilicates showed polymorphic 
transformations. The high temperature orthorhombic form was dominant 
even at room temperature because the low temperature tetragonal 
phase could only be obtained by a careful annealing process [8]. It 
was desirable to prepare a number of rare earth silicates and 
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a1um1no-s111cates under various experimental conditions and test 
whether they exhibited a higher resistance to the attack of aluminum 
alloy. In addition, although no experimental thermodynamic data was 
available for rare-earth silicates, it seemed possible to calculate 
the enthalpy of formation from the Born-Haber cycle [9]. With 
reasonable free energy of formation estimates at hand, one could then 
predict whether these silicates were more stable toward molten alloy 
attack or not. 
The role of the dopant as a sintering aid could be discerned by 
doping the same alumino-silicate (bauxite in our case) with an oxide 
which is effective as a sintering aid, but thermodynamically less 
stable. Bismuth oxide (BigOg) was chosen for this study. Bismuth has 
a large cationic size, rg^3+ = 0.96 A, similar to that of lanthanum, 
r^g3+ = 1.016 A. Since BigOg is thermodynamically less stable than 
SiOg, it appeared to be an excellent choice for a sintering aid. 
Bismuth oxide is readily reduced by silica in an electric arc [10]: 
ZBigOg + 3Si 4Bi + aSiOg . (1) 
Thus, doping alumino-silicates with BigOg at similar levels would 
elucidate whether higher sintered density alone could provide the 
corrosion resistance shown previously by rare-earth oxide doped 
alumino-silicates. 
The partial reduction of rare-earth oxides, especially of CeOg 
to form a more stable layer of rare-earth aluminate was also considered 
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as a possible protection mechanism. Aluminum metal and cerium 
dioxide could react as follows: 
aCeOg + A1 CegOg + AlCeOg . (2) 
CegOg cannot be further reduced by aluminum metal. Cerium is in the 
+3 state prior to aluminum attack when cerium alumino-silicates are 
sintered in reducing atmospheres. Therefore, it was thought that 
comparing the attack resistances of cerium alumino-silicates prepared 
in oxidizing atmospheres to those in reducing atmospheres would 
provide a reliable test for this mechanism. 
Finally, if the doping of cerium altered the microstructure of 
the refractory, it would be possible to study this effect by 
characterizing the refractory with respect to crystalline phases, 
phase distribution, grain size and others, before and after molten 
aluminum attack. 
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MATERIALS AND PROCEDURES 
CeOg/SiOg and CeOg/AlgO^/SiOg Systems 
Several commercial grade alumino-silicates and rare-earth oxides 
were used in the previous study [1]. In the present work, a commercial 
bauxite^ was the only alumino-silicate mineral used. In addition, 
2 3 4 
reagent grade aluminum hydroxide , bismuth oxide and fumed silica 
were used for pure rare-earth or bismuth-doped silicate and alumino-
silicate preparations. Cerium oxide hydrate^ was the only rare-earth 
employed in this study. Typical chemical analyses of these materials 
are given in Table 1. Aluminum alloy 7075 was used for corrosion 
resistance evaluation of the refractories. Alloy 7075 was chosen for 
these tests because it is one of the most corrosive alloys and has 
been widely used for assessing the attack resistance of refractories 
[1-3]. The nominal composition of the alloy is: 90.07% A1, 5.6% Zn, 
2.5% Mg, 1.6% Cu and 0.23% Cr. Zinc and magnesium especially make 
this alloy more corrosive than others. 
As discussed in the previous section, the improvement in the alloy 
attack resistance of alumino-silicates by CeOg doping may have arisen 
^ALCOA, New Orleans, LA. 
^Fisher Scientific, Fair Lawn, NJ. 
^J. T. Baker Chemical Company, Phillipsburg, NJ. 
^SIGMA Chemical Company, St. Louis, MO (Product #5-2128). 
^Union 76, Molycorp, Inc., Louviers, CO (Lot #8-239). 
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Table 1. Chemical analysis of starting materials 
Oxide Bauxite Aluminum Bismuth Fumed Cerium 
hydroxide" oxide silica^ oxide 
hydrateb 
AlgOg 74.70 99.90 - - -
BigOs - - 99.90 - -
SiOg 19.70 0.001 - 99.8 -
CeOg - - - - 95.00 
LagOg - - - - 2.50 
NdgOg - - - - 1.20 
-
- - - 0.40 
FegOj 1.98 0.001 0.002 - 0.01 
TiOg 2.89 - - - -
CaO 0.25 - - - 0.50 
MgO 0.11 - - - -
SrO - - - - 0.06 
KgO 0.69 - - - -
SO4 - 0.025 0.002 - 0.12 
NO3 - - 0.02 - -
F - - - - 0.12 
Pb - 0.001 0.001 - -
CI - 0.001 0.001 0.10 -
^Bauxite composition from XRF analysis in previous work [2]. All 
other compositions provided by the suppliers. 
'^Samples were dehydrated prior to use, hence the original water 
content is not shown. 
*^Supplier reports negligible metal element impurities. 
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from the redox reaction (#1) between CeOg and molten aluminum to form 
cerium aluminate. To understand if such a reaction could provide 
improved attack resistance, mixtures of cerium hydrous oxide, aluminum 
hydroxide, and fumed silica were blended to prepare a number of 
stoichiometric cerium pyrosilicate and cerium alumino-silicate 
compositions. Figure 2 shows the compositions of the cerium alumino-
silicate (CAS) batches on a ternary composition triangle. The 
relative atomic ratios of cations are given in Table 2. 
First, a gel was formed using 10 w/o silica in water. The 
appropriate quantities of cerium hydrous oxide and aluminum hydroxide 
were then added and thoroughly mixed with a laboratory blender. 
Mixtures were oven dried at 110°C overnight. Pellets were dry pressed 
from powders using a 19 mm diameter die at 52 MPa. 
Table 2. Cerium alumino-silicate batch compositions 
Sample number Relative cation ratios 
Ce Al Si 
CAS 1 1 1 2 
CAS 2 1 2 2 
CAS 3 1 3 2 
CAS 4 2 1 2 
CAS 5 2 2 2 
CAS 6 2 3 2 
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Figure 2. Compositional diagram in mole percent showing the 
cerium alumino-silicate compositions. Numbers 
correspond to relative cation ratios of Ce:Al:Si 
for the compositional batches listed in the margin. 
B shows the composition of bauxite, CB represents 
15 w% Ce02-doped bauxite, and M is the composition 
of theoretical mullite 
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A number of pellets of stoichiometric cerium pyrosilicate 
composition were fired in a vacuum at 1550°C for five hours. The 
pellets were then quenched to room temperature. XRD patterns show 
that two cerium silicate phases were formed. Cerium pyrosilicate was 
the predominant phase for these pellets. Other pellets of this 
composition were fired in air to 1550°C for five hours and then, 
quenched to room temperature. The primary phase in these pellets was 
also cerium pyrosilicate. The last group of these pellets was first 
under similar conditions, but rather than quenching, they were cooled 
to 1300°C in 2.5 hours and held at this temperature for eight hours. 
The primary reason for this air annealing was to reoxidize the cerium. 
The primary phases for these pellets were determined to be cerianite 
(CeOg) and a-crystoballite. 
Cerium alumino-silicate compositions were heat treated to form 
microstructures containing relatively large crystals and minimum 
glassy phase. Samples were melted in a platinum crucible at 1550°C 
and then quenched to 1200°C. At this temperature, the surfaces of the 
samples were covered with a layer of glass, preventing the reoxidation 
of cerium to the +4 state. Samples were then crystallized by cooling 
over 24 hours from 1200° to 1000°C. 
BigOg/Bauxite System 
In order to determine whether BigO^ doping can improve the alloy 
attack resistance of bauxite, BigOg was added to bauxite in cation 
concentrations up to 15 w%, similar to CeOg-bauxite compositions 
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previously investigated [2]. Powders were mixed and ball-milled in 
water for 48 hours. Thick-walled crucibles were slip cast using the 
same procedures as in previous rare-earth bauxite samples [2]. Firing 
schedules were determined experimentally by sintering dry pressed 
pellets and measuring the sintered bulk densities of these pellets by 
immersion technique. As anticipated, samples containing bismuth 
sintered to comparable densities at lower temperatures (by about 200°C) 
than the similar ceria doped samples. A typical sintering schedule 
involved heating at 200°C/hr. to 1000°C and then 100®C/hr. to a soak 
temperature of 1200°C for five hours. A cooling rate of 200°C/hr. was 
used for all samples. Some BigO^-bauxite crucibles were deliberately 
underfired to produce a range of sintered densities. 
Molten Alloy Attack Tests 
Pellets of cerium silicate, cerium alumino-silicate and bismuth-
bauxite compositions were tested for molten alloy attack by immersing 
the individual pellets in 7075 alloy. The alloy was placed in an 
alumina crucible and heated to 810°C in an electric furnace. The 
pellets were then introduced into this molten alloy bath and attack 
tested for up to 72 hours in a static air atmosphere. At the end of 
the test period, the contents of the crucible were cooled and pellets 
were sectioned and polished for microscopic examination. In some 
experiments, the pellet was totally lost during the test. 
Crucibles were tested under similar conditions, but the molten 
alloy was contained in test crucibles rather than the alumina 
65 
crucibles. Unless specified, all of the crucibles were tested for 
72 hours. At the end of the testing period, the crucibles were 
sectioned and the extent of alloy attack was measured along the 
crucible walls. 
Analysis of Refractories 
Samples were studied by electron and optical microscopy before and 
after.the alloy attack test. Compositions of various phases were 
analyzed by using converged electron beam energy dispersive 
spectroscopy (EDS). Phase analysis of the sintered materials was 
done by using an x-ray diffractometer with a copper tube operating at 
50 kV and 25 mA. A PDP-11 computer controlled the digital data 
acquisition and calculated integrated peak intensity and location. 
Automated Hanawalt phase identification was used for all simple 
mixtures. A manual peak identification was often required for 
specimens containing several phases. Reacted samples were analyzed by 
removing 10 to 400 ym layers by either grinding or wafering with a 
diamond saw. Successive layers were then analyzed by the XRD technique. 
For quantitative depth profiling, an electron microprobe operating 
at an accelerating voltage of 10 kV was employed. Standardization for 
quantitative analysis was done for each probe run on the predominant 
oxide form of each element. The samples were cut perpendicular to the 
plane of the aluminum alloy reaction front and analyzed in discrete 
steps along a line crossing the reaction front. Separate traces were 
obtained for matrix and granular phases whenever possible. 
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RESULTS 
Alloy Attack 
All of the fired pellets having pyrosilicate composition were 
severely attacked in 72-hour immersion tests irrespective of their 
thermal history. In fact, these pellets were more heavily attacked 
than pure bauxite specimens. Obviously, the pure cerium pyrosilicate 
composition was less resistant to alloy attack than cerium-doped 
bauxite or even undoped bauxite. To distinguish how the oxidation state 
affects alloy attack, a number of pellets were immersion tested for 
only eight hours. The pellets that were quenched in air or in vacuum 
were more resistant to alloy attack than those annealed in air 
atmosphere. Reoxidized pellets, containing primarily CeOg and SiOg, 
were much more susceptible to attack than the quenched CegSigOy 
pellets. This result disproved the partial reduction hypothesis in 
which a more stable cerium aluminate phase might have been formed. 
The reoxidized pellets provided the required oxygen for this reaction, 
but were shown to be less resistant than the reduced pellets. The 
pellets containing reduced cerium could not support the partial 
reduction reaction. Furthermore, these tests have shown that doping 
of silica with cerium did not produce an attack resistant composition 
irrespective of the firing and annealing schedule used. 
On the cerium alumino-silicate (CAS) samples, alloy attack was 
much less than that of pure bauxite and of cerium pyrosilicate 
compositions, but slightly greater than ceria-doped bauxite pellets. 
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One significant difference in the processing of these pellets was that 
these compositions were completely melted prior to crystallization. 
It is possible that the process, rather than the compositional 
factors, may have played an important role in the attack resistance. 
BigOg-bauxite pellets sintered to maximum bulk density at 
temperatures 200°C lower than comparable cerium-doped pellets. The 
maximum bulk densities achieved for Bi containing samples were similar 
to those of undoped bauxite and slightly greater than those of bauxite 
doped by the same cation concentration of cerium. Table 3 shows how 
Bi203-bauxite densities at constant composition varied with the 
sintering temperature. Nearly fully dense samples of undoped bauxite 
O 
were shown earlier to have densities of approximately 3.46 gm/cm [2]. 
Comparable densities and porosities of bismuth-doped bauxite were 
achieved at a sintering temperature of 1200°C for the composition 
Table 3. Densities and porosities of BipOo-bauxite from several 
sintering temperatures 
Sample® Sintering 
temperature 
(°c) 
Bulk 
density 
(gm/cmP) 
% apparent 
porosity 
1 1000 2.79 16.40 
2 1100 3.24 0.42 
3 1200 3.47 0.10 
4 1300 3.19 2.65 
®A11 tabulated samples contained bismuth concentrations equal to 
the cerium cation content of 15 w% ceria-bauxite. 
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shown in Table 3. For the same concentration of cerium cations sintered 
at 1450®C (i.e., 15 w% ceria-bauxite), densities were previously shown 
to be approximately 3.3 gm/cm [2]. This lower density was the result 
of slightly higher closed porosity. All of the best fired samples had 
nearly identical and minimal open porosity, > 0.5% apparent porosity. 
BigOg/bauxite crucibles were extensively attacked by the molten 
alloy. Whereas bauxite doped with 15 w% ceria was virtually unattacked, 
bauxite containing the same concentration of bismuth cations was much 
less resistant to attack than even undoped bauxite. To further 
quantify the sensitivity of attack resistance to density and porosity, 
several crucibles of this same bismuth concentration were deliberately 
under or overfired. A negligible difference in the rate of attack was 
observed for the samples sintered in the range from 1100 to 1300°C. 
This lack of sensitivity to bulk density and closed porosity 
variations is in agreement with the findings of the previous work [2]. 
Microstructure of Doped and Undoped 
Bauxite Compositions 
The microstructure of undoped bauxite composition fired to 
maximum density is shown in Figure 3a. Coarse corundum grains up to 
20 ym in diameter are seen in a primarily amorphous matrix. These 
grains are irregular or rounded in appearance and do not generally 
touch other large grains. The crystalline phases as determined 
previously by XRD were primarily corundum and mullite [2]. Relatively 
small crystals of mullite were determined to grow at the surface of 
the much larger corundum grains. 
Figure 3. Sintered microstructures of (A) undoped bauxite, 
(B) 15 ceria-doped bauxite, and (C) bismuth-
doped bauxite j 
(A) Undoped bauxite: A secondary electron 
image showing large but irregular or 
rounded corundum grains in a glassy matrix. 
(B) 15 w% ceria-doped bauxite: In this 
backscattered electron image, large 
well-formed corundum grains (dark grains) 
are shown. Crystalline cerium rich strands 
(white colored) form a web-like 
substructure. 
(C) Bismuth-doped bauxite (same Bi concentration 
as that of Ce in Figure 3B): In this 
backscattered electron image, much smaller 
corundum grains (dark) are shown with 
bismuth (white) concentrated in the 
glassy matrix 
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Figure 3. Continued 
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The ceria-doped bauxite composition has a strikingly different 
microstructure compared to plain bauxite, as shown in Figure 3b. 
The micrograph in Figure 3b shows large and well-developed corundum 
crystals. Corundum grains are highly faceted rather than rounded and 
tend to touch other corundum grains. These crystals are on the order 
of 10 to 20 ym in size and tied together with a fibrous crystalline 
substructure. These strands have a thickness of about 0.1 ym and 
extend from 20 to 30 ym between corundum crystals. Between two crystals, 
the strands are lined up in the same direction. A quantitative analysis 
of these strands could not be made by EDS or electron microprobe due to 
their small diameter. In this backscattered electron image, the high 
contrast between the large dark grains and white strands indicates 
that the strands contain a high concentration of cerium, if not pure 
ceria. It appears that doping of bauxite with ceria facilitates the 
growth of large alumina grains and forms a unique web-like, cerium-rich 
substructure to tie together these alumina grains. 
The microstructure of bismuth-doped bauxite is shown in Figure 3c. 
The bismuth-doped specimen has much smaller (1 to 5 ym) and less 
uniform corundum grains. Bismuth appears to concentrate in the matrix. 
As before, the light area corresponds to an element having high atomic 
number, in this case bismuth. Although bismuth facilitates 
densification, it does not enhance the corundum grain growth. In 
addition to bismuth, the matrix phase also contains aluminum and 
silicon. The phase analysis of bismuth-doped specimens also shows 
that the matrix phase is amorphous, as discussed earlier. 
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Microstructure of Ceria/Alumina/Silica Specimens 
As discussed in the previous section, doping bauxite with ceria 
results in a unique microstructure (Figure 3b). Ceria/alumina/silica 
(CAS) samples crystallized from melts exhibit large crystals which 
are highly oriented, as shown in Figure 4. The compositions having low 
alumina and high silica contents show very well-organized structures 
similar to those observed in directional solidification of the melts 
(see Figures 4a and 4b). 
Light dendritic growths appear to have preferred directional 
patterns. To our knowledge, these structures have not been observed 
previously in any rare-earth aluminates or alumino-silicates. 
Specimens CAS-1 and CAS-4 have equal ratios of alumina to silica, 
but the latter has a higher ceria content. There appears to be 
subtle differences between their microstructures. The matrix phase 
of the CAS-1 contains very little cerium. However, CAS-4 exhibits 
some cerium containing regions next to dendritic growths. Three 
crystalline phases have been identified and a fourth possible ternary 
phase has been suggested by the combined information from 
backscattered electron (BSE) images, energy dispersive x-ray 
spectroscopy (EDS) and x-ray diffraction patterns. The white snow 
crystal-like features are cerianite, CeOg. The off-white, long 
features (spinal appearance) are CegSigOy. The gray fringe-like 
crystals appearing to grow out of the CegSigOy phase probably belong 
to a new crystalline phase containing cerium, aluminum and silicon. 
We have not been able to assign a crystal form to this phase as yet. 
Figure 4. Backscattered electron images of ceria-alumina-silica 
(CAS) samples. Crystalline phases are identified by 
Y = CeO?. n = Ce2Si207, (\> = AlgOs corundum, and 
0 = unidentified possible ternary 
(A) CAS-1: An extensive network of cerium 
pyrosilicate (Ce2Si207) is shown as medium 
bright strands. A small amount of cerium 
dioxide (very white) is also present. The 
grey matrix contains all three components: 
ceria, alumina, and silica. 
(B) CAS-2: Large (dark) corundum grains are 
shown with specific orientation to (bright) 
cerium pyrosilicate (Ce2Si207) strands. 
Light grey crystalline growtn contains all 
three components. 
(C) CAS-3: Broad streaks of cerium pyrosilicate 
(bright) (Ce2Si20y) dominate this microstructure. 
Relatively small corundum grains are 
distributed throughout. Also shown is a 
small amount of cerium dioxide (very white). 
(D) CAS-4: Cerium pyrosilicate crystals (bright) 
having spinel appearance are shown. Fringe­
like crystals (light grey) appear to grow 
from the spinel columns. This unidentified 
phase contains all three components: ceria, 
alumina, and silica. Very small corundum 
grains grow with specific orientation. Some 
cerium dioxide (very white) is also shown. 
(E) CAS-5: Cerium pyrosilicate strands (bright) 
form a web-like matrix. Corundum (dark) and 
cerium dioxide (very white) crystals are 
dispersed throughout. 
(F) CAS-6: Broad bands of Ce2Si207 again form 
the matrix. Large corundum grains and some 
cerium dioxide are also shown 
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The small black crystals are corundum. The dark matrix, like the 
fringe crystals, contains all three major elements, but is 
significantly lower in cerium. The x-ray diffraction pattern for 
CAS-4 is displayed in Figure 5. The three known phases, CeOg, AlgOg, 
and CegSigOy, are labeled along with the residual peaks thought to 
belong to the "fringe" or ternary phase. 
Figures 4b and 4e display the microstructures of specimens CAS-2 
and CAS-5. These two compositions have twice the aluminum content of 
the CAS-1 and CAS-4 samples, respectively. One of the common features 
of all of the CAS compositions is the linear cerium pyrosilicate 
phase. Larger alumina grains appear in the matrix of these latter 
microstructures corresponding to the increase in aluminum content. 
The alumina grains in CAS-2 are very large (~ 50 ym) and have grown 
from cerium pyrosilicate crystals. The faces of these grains are 
perpendicular to the cerium pyrosilicate dendrites, giving rise to 
their square cross sections. The size of the corundum grains and 
cerium pyrosilicate streaks indicates that these specimens had less 
undercooling, allowing the formation of large crystals relative to 
CAS-1. Since the heat treatments were identical for all of the CAS 
samples, the CAS-2 and CAS-5 compositions must be nearer to a ternary 
singular point. Figure 4d exhibits ceria grains in addition to 
alumina and cerium pyrosilicate, as expected from the higher cerium 
content of this sample (Ce:Al:Si ratio 1:1:1). The alumina grains 
are smaller and less uniform in size and shape. This implies that 
this sample may have had incomplete melting or greater undercooling 
Figure 5. X-ray diffraction pattern for CAS-4 sample. 
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than the CAS-2 composition. 
Figures 4c and 4f show columnar grains of ceria and smaller, 
more irregular grains of alumina in a matrix of cerium pyrosilicate. 
It appears that during cooling under oxidizing conditions, ceria and 
a corresponding amount of alumina crystallized out of the melt. This 
left a matrix that was primarily cerium pyrosilicate. 
Microstructure of Attacked Samples 
The changes occurring during alloy attack were analyzed on the 
refractory samples as a function of distance from the attacked surface 
toward the unattacked material. The chemical composition, phase 
distribution and microstructure were determined using microprobe, EDS, 
x-ray diffraction, and SEM. Three distinct compositional zones were 
present in all attacked samples. The dross is a finely crystalline 
material that starts from the interface of the refractory and the 
molten alloy and grows toward the center of the molten bath. The 
reacted zone is that portion of the original refractory material that 
has been reduced by the alloy. The final zone is that of the unattacked 
refractory material. 
Following alloy attack of pellet samples, the phase distribution 
as a function of attack depth was determined by analyzing the surface 
and then removing successive layers of reaction product. In Figure 6, 
layer by layer phase distribution is shown for undoped, ceria-doped 
and BigOg-doped bauxite. All of the samples contain elemental silicon 
and alumina in their reacted zone, but in varying quantities. 
Figure 6. Phase composition from x-ray diffraction is 
shown as a function of distance from the molten 
bath toward the unreacted refractory for 
(A) undoped, (B) ceria-doped and (C) Bi203-doped 
bauxites. Corundum is the primary reaction 
product in all cases 
(A) Undoped bauxite: Primarily reaction zone 
phases are shown with some dross (left) 
and unreacted refractory (right). Only 
a small quantity of spinel, but 
considerable mullite is indicated in the 
reacted zone. 
(B) Ceria-doped bauxite: Only the reaction 
zone is shown for this sample. 
Significant quantities of spinel and 
periclase are indicated in the reaction 
product. 
(C) Bismuth oxide doped bauxite: Similar to 
the undoped sample; little spinel is 
shown in the reacted zone. The dross 
does contain considerable spinel 
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Nullité, one of the major phases in undoped bauxite, is also found 
in the dross of attacked undoped bauxite. Only a very small quantity 
of mullite remains throughout the reacted zone of this sample. 
Apparently, mullite is formed in the dross from aluminum metal, 
silicon migrating out of the refractory and oxygen from the atmosphere. 
In its reacted zone, the ceria-doped bauxite specimen shows 
significant amounts of periclase and spinel. Magnesium is supplied by 
the alloy. The amounts of periclase and spinel both decrease as the 
distance from the metal bath increases. It appears that Mg is 
filtered out of the alloy as it comes in contact with the refractory 
and reacts to form periclase and spinel. CegOg content of this sample 
shows a slight increase as the distance from the molten alloy bath 
increases. No mullite is shown for the cerium-doped bauxite in 
contrast to that indicated in the undoped bauxite. 
Chemical profiles of undoped, ceria-doped, and bismuth-doped 
bauxite following attack testing are shown in Figure 7. All three 
samples contain corundum crystals in a matrix of glass or fine 
crystallites of a second phase. The corundum grains are of constant 
composition and were not affected by the attack of the aluminum 
alloy. Consequently, the compositional changes occurring in the 
matrix are of primary interest. It appears that in the undoped and 
ceria-doped bauxite samples, the corundum grains are large enough to 
examine the matrix phase exclusive of the corundum crystals. In the 
case of undoped bauxite, the microprobe results show that it was not 
possible to examine the matrix only. In the bismuth-doped bauxite. 
Figure 7. Chemical composition from the electron microprobe 
is shown across the reaction front as a function 
of distance for (A) undoped, (B) ceria-doped, 
and (C) 81203 doped bauxite samples. All samples 
show high aluminum and low silicon in their 
reacted zones 
(A) Undoped bauxite: No dross analysis is 
shown. Distance measurement starts from 
an arbitrary point in the reacted zone. 
Negligible Mg was detected in either the 
reacted or unreacted zones. 
(B) Ceria-doped bauxite: Significant Mg is 
shown in the reacted zone. Some dross 
analysis is shown (extreme left). 
Aluminum content of the unreacted matrix 
is small. 
(C) Bismuth oxide doped bauxite: The Mg 
content of the reaction product is small, 
similar to the undoped sample. Scatter 
in the data of the unreacted material is 
shown 
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the corundum grains are smaller and well-dispersed in the matrix 
phase. Since the beam diameter of the microprobe was larger than the 
corundum grain-to-grain distance, analysis of this sample represents 
a mixture of the grain and matrix compositions. 
The bauxite sample shows a relatively sharp reaction boundary. 
The reacted zone contains almost exclusively aluminum, as either 
metallic aluminum or aluminum oxide, and a very small amount of 
silicon. The unreacted refractory contained 74% AlgOg, exactly what 
was found earlier by XRF analysis [2]. This result shows that for 
undoped bauxite, the apparent volume excited by the electron beam was 
large and the analysis represents an average of the grain and matrix 
compositions, rather than just the matrix. 
In the case of ceria-doped and bismuth-doped bauxite, the apparent 
volume of the sample excited by the microprobe was small in contrast 
to the undoped bauxite. This volume is sharply reduced as the 
concentration of heavy elements such as cerium and bismuth increases. 
The characteristic fluorescence of subsurface material is largely 
absorbed by heavy elements at or near the surface. Consequently, 
where heavy atoms were concentrated, the result is essentially a 
surface analysis. 
The compositional profile for ceria-doped bauxite is 
significantly different than that of undoped bauxite. Microprobe data 
for this sample indicate matrix-only compositions because of the 
large grains and the surface nature of the analyses. In addition to 
the expected aluminum, silicon and cerium, a significant level of 
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magnesium (~ 15% as oxide) is observed. The silica content in the 
reacted zone is nearly zero, while it is about 34 w% in the unreacted 
zone. In contrast to undoped bauxite, the concentration of alumina 
decreases to about 15 w% in the unreacted zone, indicating that ceria 
doping may cause alumina to crystallize in the form of corundum grains 
leaving the matrix relatively low in alumina. Magnesium and some of 
the aluminum found in the reacted zone are the result of the reduction 
of silica. A comparison of the x-ray diffraction and scanning 
electron micrographs with the microprobe data indicates that some of 
the alumina in the matrix came from the aluminum metal in the alloy 
and some from the alumina originally present in the matrix of the 
refractory. 
Compositional data of bismuth-doped bauxite show significant 
scatter because of the small grain size of the sample. Like the 
undoped bauxite, the analysis represents a mixture of the matrix and 
grain compositions. In contrast, due to the small apparent excited 
volume in the bismuth-doped bauxite, its analysis represents a 
specific fraction of the phases on the surface, rather than a large 
volume average. In spite of this data scatter, some trends are 
apparent. This particular sample was attacked much more severely 
than the ceria-doped sample. The aluminum level in the reacted zone 
is high and relatively constant at about 95 w%. The level of aluminum 
decreases in the unreacted zone, but scatter in the data does not 
allow a quantitative expression for the alumina content of the matrix. 
There is practically no magnesium in this sample with the exception 
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of a small amount (" 5-7 w/o) in the dross. Apparently, the 
magnesium content of the metal alloy in the reacted zone of the 
refractory is equal to that in the molten bath. Similarly, the 
reacted zone does not show any silica. The silica content in the 
matrix of the unreacted zone is roughly 20 w%. The dopant bismuth is 
observed at a level of 5 to 10 w% in the reacted zone and about 25 w% 
in the unreacted zone. The concentration trend observed for silicon 
and bismuth is similar. This indicates that these two species respond 
to aluminum alloy attack in the same manner. Since bismuth and silicon 
are in the matrix phase, their data scatter patterns are also similar. 
Furthermore, their scatter is the mirror image of that of aluminum. 
This shows that the scatter is the result of the relative proportion 
of excited matrix versus corundum grain on or near the surface. 
Backscattered electron micrographs of the CAS refractory 
compositions after the alloy attack are shown in Figure 8. The unique 
microstructure of the cerium alumino-silicate refractory is seen even 
in the reacted zone. The refractory did not lose its integrity when 
the matrix was attacked by the aluminum alloy. This residual structure 
may restrict the transport of molten alloy toward the reaction front 
as the reacted zone becomes deeper. This unique cerium-rich 
microstructure also appears to have catalyzed the formation and growth 
of new alumina crystals produced during the reduction of silica by 
molten aluminum. Notice the wall of well-formed corundum crystals 
along the reaction front in Figure 8d. The integrity of the 
microstructure is also maintained in the reacted zone of ceria-doped 
Figure 8. Micrographs showing the reaction fronts of 
A) undoped bauxite, (B) BigOa doped bauxite, 
C) CAS-1, and (D) CAS-6 
(A) Undoped bauxite: This secondary electron 
image shows the unreacted glassy matrix 
and corundum grains in the lower left. 
Reacted material is upper right. 
(B) Bi203-doped bauxite: The bright area 
in the lower right of this backscattered 
electron image is the unreacted material. 
The reacted zone is upper left. A band 
of white spots, distributed across the 
center, is elemental bismuth. 
(C) CAS-1: The solid dark zone (top) in 
this backscattered electron image is 
aluminum alloy. The reacted zone 
(middle) shows the remnant structure of 
the unreacted zone (bottom). 
(D) CAS-6: In this backscattered image, the 
structural remnants are shown in the 
reacted zone. An apparent barrier of 
corundum grains is present along the 
reaction front 
S6 
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Figure 8. Continued 
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bauxite. In the bismuth-doped bauxite, bismuth collects In pools 
and does not remain dispersed In the reacted region. 
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DISCUSSION 
Bismuth-doped bauxite was attacked extensively by the molten alloy 
in spite of its nearly fully dense microstructure. Obviously, higher 
density alone was not able to render corrosion resistance to the 
refractory. Microstructural analysis before and after attack indicated 
that both the glassy alumino-silicate phase and the BigO^ containing 
phase were attacked rather easily. The reacted species bismuth and 
silicon migrated out of the refractory toward the molten alloy bath. 
Because of this counter-diffusion of reaction products, a pathway was 
opened to the unattacked refractory phase. Envision the vacant sites 
formerly occupied by bulky bismuth atoms. These sites formed a highway 
for the much smaller aluminum and alloying metal atoms. This, of 
course, hastened the attack by easing the transport of the alloy. 
Thermodynamic calculations showed that cerium silicates were less 
stable toward molten aluminum attack than alumino-silicates such as 
mullite. In a related study, the lattice energies of the light 
rare-earth pyrosilicates were calculated from their known crystal 
structures [11]. The enthalpies of formation were then calculated 
from these lattice energies using the Born-Haber cycle. The enthalpy 
of formation for the high temperature (orthorhombic) cerium 
pyrosilicate was found to be -637.26 kcal/mole [11]. The entropy of 
formation of CegSigOy was assumed to be equal to the sum of the 
entropies of its parts, CegOg and ZSiOg. The free energy of formation 
for this compound was calculated to be approximately -471 kcal/mole 
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at n00°K. At this temperature, the free energy of formation of 
mullite is known to be -1295 kcal/mole [12]. Since mullite 
(3Al202'2Si02) and CegSigOy contain the same quantity of SiOg per mole, 
their relative stabilities are easily deduced through a comparison of 
their free energies of formation. Hence, mullite is more stable 
against the attack of the molten alloy than cerium pyrosilicate. 
Thus, one would not expect cerium silicate composition or even 
other rare-earth silicates to be resistant to aluminum alloy attack. 
Indeed, experiments with pure cerium silicates have shown that these 
compositions were less resistant than bauxite. These findings seem to 
contradict the findings of Kamin and Kiger [13], who observed enhanced 
corrosion resistance in yttria/silica mixtures. Cerium silicates may 
be less stable than the yttrium silicates as the former decompose 
readily to CeOg and SiOg in an air atmosphere. Free silica is more 
susceptible to the attack of molten aluminum than the yttrium silicate 
phase. Still the stabilities of all of the rare-earth silicates are 
probably similar. The quantities of YgOg patented by Kamin and Kiger 
[13] are much higher than the rare-earth oxide concentrations employed 
in the present study. Our doped bauxite refractories contain only 
15 w% rare-earth oxides. The Kamin and Kiger patent specifies 62 to 
97 w% yttria with the balance being SiOg. Our cerium pyrosilicate 
pellets are within this compositional range. Since stoichiometric 
yttrium pyrosilicate is 65.3 w% YgOg, excess YgOg is present in most 
of the compositional range patented. Because of this excess, it is 
possible that the free YgOg, not the yttrium silicate, provides the 
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higher corrosion resistance. Furthermore, it is possible that Kamin 
and Kiger did not test with the more corrosive alloys. They claim 
"compatibility with molten ferrous alloys and many nonferrous 
alloys." Aluminum alloy 7075 is one of the most corrosive alloys and 
may not be a part of this claim. 
The microstructure of ceria-doped bauxite and ceria-alumina-silica 
samples was investigated before and after exposure to molten alloy 
attack. The doping of the alumino-silicate compositions with ceria 
produced a unique microstructure characterized by enhanced alumina 
grain growth, a reduction in the amount of glassy phase and a highly 
directional ceria-rich phase. It appears that the combination of all 
these microstructural characteristics resulted in improved corrosion 
resistance. Previous studies have shown that the glassy silica-rich 
phase was the primary path of attack. Reduction of this phase helped 
to decrease the extent of the alloy attack. Larger interlocking 
alumina grains also increased the corrosion resistance by decreasing 
the reactive surface area. The reaction surface was effectively the 
sum of the areas of those narrow passages between touching corundum 
grains. This corundum network also remained intact in the reacted 
zone, thus restricting the transport of alloy to the unreacted 
refractory. Finally, the fine microstructure of the ceria or cerium 
rich alumino-silicate phase exhibited a reinforcing effect. In the 
reacted zone, strands of CCgOg are apparently remnants of the 
former web-like cerium alumino-silicate phase. Thus, by spanning the 
larger gaps between corundum grains, these crystalline strands tie 
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together the structure and further restrict the transport of alloy. 
A conflict seems to exist between the Mg containing phase 
composition from XRD and the Mg profile from the microprobe in the 
reacted zone of the ceria-doped bauxite sample. Periclase and spinel 
decrease in quantity as the distance from the alloy bath increases. 
The Mg concentration is nearly constant at approximately 15 w% 
according to the microprobe data. The x-ray diffraction data are 
possibly misleading due to the crystallite size line-broadening problem. 
The crystal size resolution of a diffractometer is limited by the 
wavelength of the x-ray source (in this case, copper). When crystals 
are first nucleated at the reaction front, they are undetectable by 
the diffractometer due to their size. As time passes, larger crystals 
grow and consume smaller crystals and their characteristic diffraction 
peaks simultaneously grow taller and more narrow. Even using integrated 
peak intensity, the growth in crystal size is registered as an increase 
in phase quantity. Consequently, the quantity of Mg is probably 
constant as indicated by the microprobe. 
The high concentration of Mg in the reacted zone of the ceria 
bauxite sample is important evidence concerning the improved resistance 
of this refractory. Roughly 15 w% magnesium is indicated in the 
reaction zone of the attacked sample. The alloy is the only source 
of Mg and contains only 2.5 w%. Magnesium is known to diffuse more 
easily than aluminum through these refractories [14]. This high Mg 
concentration must result from a selective transport barrier. This 
barrier seemingly allows magnesium to pass while restricting aluminum. 
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Otherwise, the ratio of Mg to A1 would be governed by the alloy 
composition. Notice that this high Mg concentration does not occur 
in the reacted zones of either the undoped or bismuth-doped samples. 
Hence, the unique microstructure of ceria bauxite must restrict the 
transport of aluminum metal in particular. 
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CONCLUSIONS 
It has been shown that densification alone is not responsible 
for the improved refractory performance. The excess oxygen provided 
by CeOg did not decrease the extent of attack in comparison to samples 
containing CegOg. Apparently, rare-earth dopants were not simply 
alternate sources of oxygen forming more stable aluminates in the 
presence of molten aluminum. Rare-earth pyrosilicates were found to 
be less chemically stable than mullite. Hence, the replacement of 
mullite by these compounds cannot explain the improved resistance to 
alloy attack. 
The unique microstructure provided by ceria doping of alumino-
silicates was found to be the primary cause of the refractory 
improvement. Enhanced corundum grain growth, increased crystallinity 
of the matrix, and a web-like cerium-rich substructure apparently 
restricted the transport of molten alloy and decreased the reactive 
surface area. 
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SECTION III. CALCULATION OF LATTICE ENERGIES AND ENTHALPIES OF 
FORMATION OF RARE-EARTH PYROSILICATES 
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ABSTRACT 
The lattice energies of ionic crystals were calculated from a 
computer summation of the Coulombic interaction energies. The 
present technique was first applied to simple crystal symmetries, 
including rock salts, fluorites, and silicates, to establish the 
reliability of the method. Calculated values for these systems were 
found to be within 10% of the experimentally measured values. The 
agreement was within a few percent for most of the crystal symmetries 
studied. The lattice energies of the light rare-earth (La through Eu) 
pyrosilicates, REgSigOy, were calculated by the same procedure. The 
enthalpies of formation for these crystals were then estimated from 
the calculated lattice energies by applying the Born-Haber cycle. 
Both the low temperature tetragonal and the high temperature 
orthorhombic forms of the pyrosilicates were calculated. 
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INTRODUCTION 
In a previous study, it was shown that the addition of light 
rare-earth oxides to alumino-silicate refractory compositions improves 
their resistance to molten aluminum alloy attack [1]. A microstructural 
study of this refractory system indicated that beta rare-earth 
pyrosilicates (g-REgSigOy) were the primary rare-earth compounds formed 
during firing of these compositions [2]. There was no experimental 
thermodynamic data available for these silicates in the literature. In 
the present study, the enthalpies of formation are calculated to assess 
whether the chemical stability of the pyrosilicates was responsible 
for the improved resistance of the rare-earth doped alumino-silicate 
refractories to aluminum alloy attack. 
The Born-Haber cycle is frequently used to calculate either 
enthalpy of formation or lattice energy when the other is known [3]. 
In this well-known technique, elemental species are taken from their 
standard states at a given temperature, changed into monatomic gases, 
ionized, reacted, and condensed to the crystalline state. Enthalpy of 
formation is equal to the algebraic sum of all the energies associated 
with the steps in this process. The Born-Haber cycle for a simple 
diatomic metal oxide is shown in Figure 1. Unfortunately, neither the 
lattice energy nor the enthalpy are known for the rare-earth 
silicates. In order to calculate the enthalpies of formation of these 
silicates, the lattice energies must first be calculated from the 
known crystal structures. 
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A Hi 
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Figure 1. The Born-Haber cycle for a simple diatomic metal 
oxide 
AH^ = enthalpy of formation 
= lattice energy 
= ionization potential of the metal 
EQ = electron affinity of oxygen 
S|^j = sublimation energy of the metal 
Dog = dissociation energy of oxygen 
no 
Between 1918 and 1924, Madelung, Haber and Born developed the 
quantitative theory of ionic crystals which is still used today [from 
Reference 4]. Born in particular was responsible for the formulas which 
allow the calculation of lattice energy and enthalpy of an ionic 
crystal from the interaction of individual ion pairs [from Reference 4]. 
The lattice energy for one cation-anion pair is given by Eq. (1): 
z Z J 
U'-S-pS— + ^ (1) 
where 
= anion valency, 
a 
= cation valency, 
r = distance between the cation and anion, 
B = Born coefficient of repulsion, 
n = Born exponent, and 
e = charge on an electron. 
The first term in the right-hand expression corresponds to the 
electrostatic potential based on Coulomb's law. The second (or Born 
repulsion) term has no theoretical basis, but is an empirical term to 
account for nuclear repulsion [4]. 
In principle, the lattice energy of a crystal can be calculated 
by summing the interactions of all of the ion pairs in the 
structure [5]: 
I l l  
2 
(2) 
where 
Zj = valence of ion i, 
Zj = valence of ion j, 
Rjj = distance between ions i and j, 
Bjj = Born coefficient for an i-j pair, and 
EQ = permittivity of free space. 
In practice, the Born expression for the repulsion potential is 
inaccurate [4]. Lee and Ladd [6] reviewed several studies in which 
different empirical formulas for the repulsion potential were used 
for particular crystal systems. 
In classical Madelung analysis, the lattice energy of an 
infinitely large crystal is approximated by multiplying the energy 
associated with a single isolated ion pair by a constant called the 
Madelung constant: 
where M is the Madelung constant. The Madelung constant is calculated 
for a particular structure by a geometric sum of the attractive and 
repulsive layers of ions surrounding a given ion. Unfortunately, even 
for the simplest of structures, these summations converge extremely 
slowly [4]. An algebra has been developed to combine the Madelung 
Z_ Z e" , 
U = N M [1 - 1] (3) 
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constants of very simple crystals to estimate a constant for less 
simple crystals [6]. However, for complex crystals having many atoms 
per cell and low symmetry, this Madelung algebra is impractical. 
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APPROACH 
In this work, a simple summation, similar to that of the Madelung 
constant calculation, was used. The three-dimensional coordinates of 
the special positions of ions in complex crystals and their space group 
symmetries were taken from the literature. Using symmetry operations 
on the special ion positions, the coordinates of all of the ions in the 
unit cell were generated. Larger multicell crystals were constructed 
by stacking cells in three perpendicular directions. The Coulombic 
attractions and repulsions of every ion were summed with respect to all 
the other ions in the crystal, as shown in Eq. (4): 
- i ] 2 ,  S j  i  < > j .  ( 4 )  
In comparison to the summation in Eq. (2), this technique takes the 
Born repulsion term outside of the summation similar to the Madelung 
expression (Eq. 3). This summation converges quickly as the number of 
formula units in the crystal increases. 
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PROCEDURE 
The lattice energies of several simple rock salt and fluorite 
structure crystals were calculated in order to establish the 
reliability of the method and determine the level of errors. For all 
of the crystal systems, a computer program was used to calculate the 
summation in Eq. (4). Once the lattice energies of simple ionic 
structures were confirmed, less ionic and more structurally complex 
crystals were calculated before proceeding to the unknown rare-earth 
silicates. The lattice energies of 3-quartz and a-NagSigOg were 
included because of their similarities to the rare-earth silicate 
systems. The lattice constants, special ion positions, and the space 
groups of the crystal systems were obtained from the literature, as 
shown in Table 1. From the special ion positions and the space group 
data, the locations of atoms in the cells of crystals were generated 
using equivalent position symmetry operations from the International 
Tables [7]. 
Two simple computer programs were written to carry out the 
calculations. The first program constructs crystals and records the 
three-dimensional coordinates of the ions. The second program sums the 
Coulombic attractions and repulsions of a particular three-dimensional 
network of ions. 
Rectangular space coordinates were used throughout this work. 
Consequently, crystal symmetries defined by other coordinate systems were 
transformed by this program. For example, 3-quartz is defined by 
Table 1. Crystal structures and lattice parameters 
Crystal Space group Lattice parameters Reference 
NaCI 
KBr 
MgO 
CeS 
BaS 
LaN 
Rock salts 
cubic 
cubic 
cubic 
cubic 
cubic 
cubic 
5.64056 
6.6000 
4.2112 
5.778 
6.3875 
5.301 
Wyckoff [8] 
Wyckoff [8] 
Wyckoff [8] 
Wyckoff [8] 
Wyckoff [8] 
Wyckoff [8] 
CaFg 
CeOg 
SrClg 
NagO 
KgO 
SiOo 
a-NagSigOy 
Fluorites 
cubic Fm3m 
cubic Fm3m 
cubic Fm3m 
cubic Fm3m 
cubic Fm3m 
B-quartz 
Hex 
Pbnc 
Ortho. 
5.46295 
5.4110 
6.9767 
5.550 
6.436 
5.01 
6.409 15.422 
5.47 
4.896 
Wyckoff [8] 
Wyckoff [8] 
Wyckoff [8] 
Wyckoff [8] 
Wyckoff [8] 
Wyckoff [8] 
Pant and Cruickshank [9] 
Low RE 
pyrosilicates 
a-LagSigOy Tet. P4-| 6.7945 
a-PrgSigOy Tet. P4^ 6.7657 
a-NdgSigOy Tet. P4^ 6.7405 
o-SmgSigOy Tet. P4^ 6.6933 
High RE 
pyrosilicates 
3-La2Si20y P2,2,2, 5.410 13.17 
3-Ce2Si20y Ortho. 5.400 13.05 
g-Nd2Si20y Ortho. 5.394 12.95 
B-Sm2Si20y Ortho. 5.384 12.85 
3-Eu2Si20y Ortho. 5.374 12.82 
Dago et al^. [10] provide special positions of ions. 
'^Felsche and Hirsiger [11] give lattice parameters. 
24.871 Dago et ai. [10]® 
24.608 Felsche and Hirsiger [11]^ 
24.524 Felsche and Hirsiger [11]^ 
24.384 Felsche and Hirsiger [11]^ 
8.76 Smolin and Shepelev [12] 
8.73 Smolin and Shepelev [12] 
8.72 Smolin and Shepelev [12] 
8.69 Smolin and Shepelev [12] 
8.65 Smolin and Shepelev [12] 
hexagonal basis locations. Furthermore, cell stacking in its x-y plane 
must be done along hexagonal directions. 
With the first program, ion coordinates are recorded as fractions 
of the lattice constants, allowing new crystals of the same structure 
to be constructed by simply changing the lattice constants. 
Furthermore, cells are stacked along a given axis by adding integer 
values to the fractional coordinates corresponding to that axis. For 
example, for a cell with ion locations x^, y^, , stacking along the 
x-axis results in coordinates (x^ + 1), y^, and (x^ + 2), y^, z^, etc. 
In multiple-cell crystals, cells were always stacked to maximize the 
ratio of crystal volume to surface area. This also maximizes the ratio 
of lattice to surface energy and causes the lattice energy per mole to 
approach the value of an infinite crystal more rapidly as crystal size 
increases. 
The second computer program reads crystal lattice ion positions 
that were previously recorded and sums Coulombic energy. Fractional 
coordinates are multiplied by the lattice constants as the information 
is read from the record file. The resulting virtual image of a 
crystal is defined by coordinates in angstroms. The summation is 
accomplished by starting with ion #1 and summing its interaction with 
every other ion in the assembly. Duplication is avoided by summing 
contributions of only those ions with higher subscript than the current 
index. After summing all of the interactions with ion #1, ion #2 
becomes the index ion and interactions with #3 through #i are summed. 
Therefore, if the index ion is #j, then interactions are summed with 
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numbers (j+1) through i. This simple procedure reduces the required 
computer time by roughly one-half. The total number of calculated 
Coulombic interactions for a network of "i" ions is given by Eq. (5): 
Number of interactions = ^ . (5) 
The Coulombic interaction between ions j and k was calculated by 
first establishing the distance between them in angstroms. This 
distance is equal to the square root of the sum of the squares of the 
coordinate differences, because rectangular space coordinates were 
used throughout this work. 
Distance j to k = Rj,^ = 'J(DX)^ + (DY)^ + (DZ)^ (6) 
where 
DX = Xj - X|^, 
DY = yj - and 
Knowing this distance and the valences of the ions, the Coulomb 
energy was calculated as in Eq. (7): 
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Starting with single cells and progressing to several hundred 
cells. Coulomb energy summations were computed for crystals of 
increasing size. As shown in Figure 1, as the number of formula units 
in a crystal increases, the lattice energy per mole asymptotically 
approaches a lower limit. The value of this asymptote is the predicted 
value of the lattice energy of an infinite crystal. 
The value of this asymptote can be unambiguously evaluated by 
nonlinear least squares fitting of these data to a generalized hyperbolic 
equation. For this purpose, a function having the form of the inverse 
hyperbolic cosecant was chosen. 
y(x) = A + [& + C] LOGg [1 + I . (8) 
The fitted parameter "A" is the value of the y-axis asymptote and is 
the predicted lattice energy of an infinite crystal. 
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RESULTS AND DISCUSSION 
Crystals with Known Thermodynamic Values 
Several systems having known values of lattice energy and 
enthalpy of formation were used to check the applicability of the 
method described in previous sections. The results of these systems 
are shown in Figure 2 and Tables 2 through 7. In Figure 2, Coulombic 
interaction energy values are plotted as a function of the number of 
formula units employed in computer iterations for NaCl, CaFg, g-quartz, 
and a-NagSigOg. A nonlinear regression curve for each crystal is 
also given in Figure 2. Crystals of the same structural family, such 
as NaCl and KBr, exhibit similar trends with a shift in Coulomb 
interaction values. 
In each of these structures, the Coulomb energy per mole rapidly 
approached a lower limit as the number of formula units increased in 
the crystal. For NaCl, shown in Figure 2a, as the number of formula 
units increased from 4 to 108, the Coulomb energy increased from -171 
to -197 kcal/mole. At 500 formula units, the energy is approximately 
-201 kcal/mole. The asymptotic value is -202.16, as shown in Table 2. 
One can see that this converges quickly. The crystal containing 108 
formula units is a cubic block with 6x6x6 ions. The most central 
ion is surrounded by at most, three layers of ions. In spite of the 
small crystal size, the summation is nearly convergent. 
Tables 2 and 3 contain Coulombic interaction data and the fitted 
"A" parameters for several crystals of the rock salt and fluorite 
Figure 2. Coulombic energy data and fitted curves are displayed for 
(A) NaCl, (B) CaFg, (C) 3-quartz (SiOg) and (D) a-NagSigOg 
NACL B CAFJ 
-400 
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500 600 
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-7200 
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Table 2. Coulombic interaction energies for crystals with rock salt 
structure 
No. of Coulombic interaction energy, (kcal/mole) 
formula NaCl KBr MgO CeS BaS LaN 
units 
4 -171.51 -146.58 -918.89 -669.72 -605.82 -1642.46 
32 -191.85 -163.96 -1027.87 -749.14 -677.66 -1837.25 
108 -197.12 -168.46 -1056.10 -769.72 -696.28 -1887.72 
256 -199.49 -170.49 -1068.80 -778.98 -704.64 -1910.42 
600 -200.72 -171.54 -1075.39 -783.78 -708.99 -1922.20 
A* -202.16 -172.78 -1083.12 -789.41 -714.07 -1936.01 
Std. Dev. 0.0596 0.0486 0.3184 0.2315 0.2095 0.5704 
^Obtained from nonlinear regression curve fitting. The value of A 
corresponds to the Coulomb energy at an infinite number of formula units. 
Table 3. Coulombic interaction energies for crystals with fluorite 
structure 
No. of Coulombic interaction energy, (kcal/mole) 
formula CaF« CeO„ SrCl. Na.O K„0 
units ^ ^ L L Ù 
4 -469.97 -1897.93 -368.00 -462.60 -398.91 
32 -576.06 -2326.36 -451.07 -567.02 -488.97 
108 -618.21 -2496.58 -484.07 -608.51 -524.74 
256 -639.82 -2583.84 -500.99 -629.78 -543.08 
500 -651.87 -2632.51 -510.43 -641.64 -553.31 
A® 
-666.28 -2690.70 -521.72 -655.82 -565.54 
Std. Dev. 0.6971 2.8155 0.5466 0.6847 0.5915 
^Obtained from nonlinear regression curve fitting. The value of A 
corresponds to the Coulomb energy at an infinite number of formula units. 
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structures, respectively. Table 4 has similar data for two crystals: 
hexagonal 3-quartz and orthorhombic a-NagSigOg. Tables 5-7 contain 
the lattice energy calculations for these crystal systems, 
respectively. In addition, in these tables, our lattice energy 
predictions are compared to the Madelung and Born-Haber lattice 
energies. 
For the crystals having rock salt structure, the predicted lattice 
energies were 1.8% more positive than the lattice energies calculated 
from the Madelung constant, as shown by Table 5. The agreement 
is also excellent between the predicted and Born-Haber cycle lattice 
energies. For the univalent compounds NaCl and KBr, the predicted 
lattice energies are 3.4 and 5.5% more positive, respectively. For 
the divalent cation-anion crystals MgO, CeS and BaS, predicted values 
were 2.4, 2.4 and 0.3% more positive than the Born-Haber cycle 
lattice energies as shown in the last column of Table 5, respectively. 
A Born-Haber cycle lattice energy for LaN is not included because 
electron affinity values for N" vary greatly in the literature. 
Without a reliable electron affinity value, the Born-Haber cycle 
calculation of lattice energy was not considered to be meaningful. 
Similar to the rock salt structure compounds, results for 
several fluorite and antifluorite compounds are listed in Table 6. 
The rate of convergence of CaFg, as shown in Figure 2b, is nearly 
identical to that of NaCl. Predicted values of lattice energy are 
5.8% more positive than those calculated from the Madelung constant 
in all of these crystals. Similar agreement is seen between the 
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Table 4. Coulombic interaction energies for B-quartz and a^NagSigOg 
No. of 3-quartz No. of a-Na2Si205 
formula units (kcal/mole) formula units (kcal/mole) 
3 -3022.51 4 -7107.74 
24 -3136.22 8 -7317.23 
81 -3213.84 24 -7534.20 
192 -3260.77 48 -7623.75 
375 -3289.18 96 -7695.56 
648 -3302.78 160 -7740.50 
240 -7756.56 
A® 
-3325.52 -7806.68 
. Dev. 1.1695 4.6439 
^Obtained from nonlinear regression curve fitting. The value of A 
corresponds to the Coulomb energy at an infinite number of formula units. 
Table 5. Lattice energy calculations for crystals with rock salt 
structures 
Crystal Born exp. Lattice energy* (kcal/mole) % error^ 
(") -^C "^BH ^12 ^13 
NaCl 10 181.94 185.28 188.46 1.80 3.46 
KBr 10 155.50 158.33 164.55 1.79 5.50 
MgO 8 947.73 965.00 971.36 1.79 2.43 
CeS 11 717.64 730.73 734.68 1.79 2.32 
BaS 11 649.15 660.99 651.27 1.79 0.33 
LaN 11 1760.01 1792.06 NA 1.79 NA 
= calculated from UQ = A(l-l/n); = calculated from known 
Madelung constant; = calculated from Born-Haber cycle. 
^5^2 = u X 100; E^3 = X 100. 
126 
Table 6. Lattice energy calculations for crystals with fluorite 
structures 
Crystal Born exp. Lattice energy* (kcal/mole) % error^ (n) 
-"c -"M "^BH Ei2 El 3 
CaF2 9 592.25 628.99 629.56 5.84 5.92 
Ce02 9 2391.73 2540.14 2549.80 5.84 6.20 
SrClg 11 474.29 503.72 514.65 5.84 7.84 
Na20 8 573.84 609.45 657.90 5.84 12.78 
KgO 9 502.70 533.90 599.04 5.84 16.08 
= calculated from = A(l-l/n); = calculated from known 
Madelung constant; Ug^ = calculated from Born-Haber cycle. 
^5,2 = X 100; E^3 = ^^ X 100. \i. U|^ IJ UgH 
Table 7. Lattice energy calculations for crystals of g-quartz and 
a-Na2Si20g 
Crystal Born exp. Lattice energy® (kcal/mole) % error^ (n) 
-"c -"M •"BH ^12 ^13 
3-quartz 9 2956.02 3236.83 3209.40 8.67 7.89 
a-Na2Si20g 9 6939.27 NA 7153.00 NA 3.00 
= calculated from Ug = A(l-l/n); = calculated from known 
Madelung constant; Ug^ = calculated from Born-Haber cycle. 
^212 = X 100; E^3 = ^^ X 100. \ ù  U|^  IJ Ug  ^
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predicted and Born-Haber cycle values for the three fluorites CaFg, 
CeOg and SrClg, as shown in Table 6. Agreement with the Born-Haber 
lattice energies is noticeably worse for the antifluorites, NagO and 
KgO, specifically 12.8 and 16.1%. The cause of this disagreement 
in the antifluorites is not clear at the present time. 
Data for 3-quartz in Table 7 show good agreement for this 
covalently bonded crystal. In Figure 2c, one may notice that 
convergence occurs more slowly than any of the other systems described 
in this work. This was at least partially anticipated because of the 
hexagonal syiranetry. In the x and y directions, cell stacking produces 
crystals that have lower volume to surface ratios than cubic crystals, 
hence causing slower convergence. The agreement between the 
calculated and known lattice energy values is quite good. The 
predicted lattice energy is more positive than that from the Madelung 
constant by 8.7%, but is only 7.9% more positive than the Born-Haber 
value. The Coulombic energy model is based upon an assumption that 
the crystal is ionic. Considering the highly covalent nature of 
3-quartz, the error is considered to be relatively small. 
The calculated lattice energy for a-NagSigOg is substantially 
more accurate than that for NagO. Indeed, the predicted value is 
within 3% of the value calculated by the Born-Haber cycle, as displayed 
in Table 7. The standard deviation of 4.6 indicates that the fit is 
not quite as good as that for all previous crystals. This can also 
be seen in Figure 2d, where the data points deviate from the curve 
slightly. This is the result of lower symmetry and corresponding 
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variations in the stacking of cells. The lattice constants of this 
orthorhotnbic crystal are 6.4, 15.4 and 4.9. Cell stacking causes 
variations in the ratio of volume to surface. When this ratio is 
relatively low for a particular number of formula units, the data 
point falls above the curve or further away from the asymptote. 
Despite the poorer fit, the result is quite satisfactory. 
Rare-earth Pyrosilicates 
The light rare-earths. La through Sm, form pyrosilicates of the 
chemical form REgSigOy, having two structural polymorphs [10]. The 
low temperature tetragonal structure is formed from the high 
temperature orthorhombic only through careful annealing. Tables 8 and 
9 display the Coulombic interaction data for the low (a) and high ($) 
rare-earth pyrosilicates, respectively. Lattice energy and enthalpy 
of formation values are shown for these polymorphs in Tables 10 and 11. 
Figure 3 shows a noticeable difference in the rate of convergence 
between a- and g-LagSigOy. The a form converges rapidly to within 
0.6% of the asymptote at only 72 formula units. In contrast, the 
high temperature structure is approximately 3% away from its 
asymptote at the same number of formula units. The high temperature 
polymorph was expected to converge more slowly because it has a more 
open structure. The transformation from the a- to 3-structure 
results in an 8% decrease in density. 
No low temperature form of cerium is shown in the tables. 
Though the structure should theoretically exist, previous researchers 
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Table 8. Coulombic interaction energies for crystals of high (3) 
rare-earth pyrosilicate (orthorhombic) 
No. of Coulombic interaction energy, (kcal/mole) 
formula units LagSigOy CegSigOy NdgSigOy SmgSigOy EUgSigOy 
1 -8695.31 -8738.35 -8768.02 -8807.13 -8833.81 
4 -9160.58 -9203.95 -9233.47 -9273.10 -9300.87 
24 -9629.98 -9677.65 -9710.51 -9753.82 -9783.37 
48 -9814.75 -9863.33 -9896.82 -9940.96 -9971.08 
120 -10004.61 -10054.13 -10088.27 -10133.26 -10163.96 
192 -10070.06 -10119.90 -10154.27 -10199.56 -10230.45 
A* -10197.33 -10247.16 -10281.42 -10326.79 -10357.96 
Std. Dev. 1.9699 2.1861 2.3748 2.5465 2.5831 
^Obtained from nonlinear regression curve fitting. The value of A 
corresponds to the Coulomb energy at an infinite number of formula units. 
Table 9. Coulombic interaction energies for crystals of low (a) rare-
earth pyrosilicate (tetragonal) 
No. of Coulombic interaction energy, (kcal/mole) 
formula units LagSigOy PYgSigOy NdgSigOy SmgSigOy 
2 -9696.87 -9806.86 -9842.64 -9908.36 
8 -9975.18 -10087.82 -10124.51 -10191.71 
32 -10271.15 -10386.88 -10424.67 -10493.76 
72 -10355.87 -10472.56 -10510.66 -10580.32 
128 -10384.32 -10501.33 -10539.54 -10609.38 
A* -10428.64 -10546.17 -10584.54 -10654.69 
Std. Dev. 2.3771 2.4098 2.4149 2.4386 
^Obtained from nonlinear regression curve fitting. The value of A 
corresponds to the Coulomb energy at an infinite number of formula units. 
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Table 10. Lattice energy and enthalpies of formation calculations for 
crystals of high (3) rare-earth pyrosilicate (orthorhombic) 
Crystal Born exp. 
(n) 
Lattice energy* 
-Uq (kcal/mole) 
Enthalpy of formation^ 
-AHf (kcal/mole) 
LagSigOy 11 9270.30 624.62 
6^2812^7 11 9315.60 637.26 
NdgSigOy 11 9346.74 600.26 
SmgSi 2^7 11 9387.99 599.51 
EUgSi O7 11 9416.33 608.01 
^Calculated from = A(l-l/n). 
'^Calculated from the lattice energies using the Born-Haber cycle. 
Table 11. Lattice energy and enthalpies of formation calculations for 
crystals of low (a) rare-earth pyrosilicate 
Crystal Born exp. 
(n) 
Lattice energy® 
-Ug (kcal/mole) 
Enthalpy of formation^ 
-AH^ (kcal/mole) 
LagSigOy n 9480.58 834.90 
PrgSigOy 11 9587.43 859.71 
NdgSigOy 11 9622.31 875.83 
SmgSigOy 11 9686.08 897.60 
^Calculated from Uq = A(l-l/n). 
'^Calculated from the lattice energies using the Born-Haber cycle. 
Figure 3. Coulombic energy data and fitted curves are 
shown for (A) a-LagSigOy and (B) g-LagSigOy 
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were not successful 1n creating a-cerium pyrosilicate [10]. 
Within each structure, the lattice energies become more negative 
as the atomic number of the rare-earth element increases, as shown 
in Figure 4a. This increase in lattice energy is related to the 
well-known lanthanide contraction and corresponds to the increase in 
Coulombic interaction energy. In the low temperature pyrosilicates, 
this increase in lattice energies is more pronounced than in the high 
temperature structure. Lanthanide contraction in the low temperature 
form causes a greater change in the lattice energy because ions are 
nearly touching. In the more open high temperature form, this 
contraction has less effect on the lattice energy. For example, the 
lattice energy increase from La to Sm is roughly 205 kcal/mole for the 
(low) tetragonal structure. In the 3 structure, this same difference 
is only 117 kcal/mole. 
The enthalpies of formation also increase fairly uniformly in 
the low temperature structure, as shown in Figure 4b. However, the 
trend for the 3-pyrosilicate enthalpies is more complex. Because of 
the relatively low ionization potentials of La and Ce, the enthalpies 
of formation of 3-La and 3-Ce pyrosilicate are more negative than 
those of Nd, Sm and Eu. Excluding the lattice energies and ionization 
potentials, the other values in the Born-Haber cycles of these 
compounds are nearly identical. 
The polymorphic transformation temperature has been reported as 
roughly 1600 K. The transformational enthalpies (differences between 
a and 3 enthalpies of formation) are approximately 200 kcal/mole. 
Figure 4. High and low temperature light rare-earth 
pyrosilicate (A) lattice energies and 
(B) enthalpies of formation are shown as a 
function of atomic number. a-REgSigO? = low 
temperature form; 3-RE2Si207 = high 
temperature form 
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Since the free energies of formation for a and 3 are equal at the 
transformation temperature, the implied entropy of transformation is 
roughly 125 cal/mole. This entropy estimation appears reasonable. 
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CONCLUSIONS 
The summation of Coulomb energy was found to converge 
fairly rapidly. The resulting predictions for several simple crystal 
systems were within 10% in general, and usually closer to 5% of the 
known lattice energies. The prediction was only 3% different from 
the accepted value in the case of a-NagSigOg. The light rare-earth 
a-pyrosilicate enthalpies of formation were found to range between 
-835 and -900 kcal/mole. The high temperature polymorphs ranged 
between -600 and -625 kcal/mole. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
138 
REFERENCES 
H. O'Brien and M. Akinc. "Molten aluminum alloy attack on rare-earth 
doped alumlno-slllcates.** (To be published.) 
M. O'Brien and M. Akinc. "The role of ceria doping on the molten 
aluminum alloy attack resistance of alumlno-slllcate refractories.** 
(To be published.) 
A. Turk, H. Melsllch, F. Brescia and J. Arents. Introduction to 
Chemistry (Academic Press, New York, 1968), pp. 110-114. 
J. Sherman. "Crystal energies of Ionic compounds and 
thermochemlcal applications." Chem. Rev. JX [8], 93-170 (1932). 
W. 0. Kln^ry, H. K. Bowen and 0. R. Uhlmann. Introduction to 
Ceramics. 2nd ed. (John Wiley & Sons, New York, i860), pp. 41-43. 
W. H. Lee and M. F. C. Ladd. In Progress In Solid State Chemistry. 
Edited by H. Reiss (Hacmlllan, New York, 1966), vol. Ill, Chapter 6. 
International Tables for X-ray Crystallography. Edited by 
N. Henry and K. Lonsdale (Kynoch Press, Birmingham, England, 1952), 
Vol. 1. 
R. W. 6. W^ckoff. Crystal Structures. 2nd ed. (Interscience 
Publishers, New York, 1963), Vol. I. Chapters 3 and 4. 
A. K. Pant and 0. W. J. Cruickshank. "The crystal structure of 
a-NdgSigO^." Acta Crystallogr. B24. 13-19 (1968). 
A. M. Dago, 0. Pushcwarovskii, E. Strelkova, E. Pobedinskaya and 
A. Belov. "Hydrothermal synthesis and crystal structure of 
LagSlgO^." Sov. Phys. Ookl. 25 [6], 417-420 (1980). 
J. Felsche and W. Hirsiger. "The polymorphs of the rare-earth 
pyrosilicates REgSlgO^." J. Less Common Metals 18, 131-137 (1969). 
Y. I. Smolin and Y. F. Shepelev. "The crystal structures of the 
rare earth pyrosilicates." Acta Crystallogr. B26. 484-492 (1970). 
139 
GENERAL SUMMARY 
It was shown that the addition of small amounts of light rare-
earth oxides to several alumino-silicate minerals dramatically reduced 
the rate of attack. The rare-earth oxide mixture bastnasite was more 
effective at low concentrations than pure light rare-earth oxides. 
Although sodium carbonate additions to the alloy increased the extent 
of the attack on all refractory compositions, significant refractory 
improvement was provided by the rare-earth oxide additives. 
The addition of rare-earth oxides to bauxite altered the 
microstructure, forming uniformly-shaped corundum crystals interlinked 
with cerium containing strands. It was concluded that the unique 
microstructure provided by rare-earth doping of alumino-silicates was 
responsible for enhanced attack resistance of the refractories. Other 
possible mechanisms for improving the alloy attack resistance, such as 
enhanced sintering, excess oxygen content of CeOg dopant, and higher 
thermodynamic stability of the doped refractory compositions, were not 
supported by the experimental findings. 
The summation of Coulomb energy was found to converge fairly 
rapidly, resulting in predictions for several simple crystal systems 
within 10% of the known lattice energies. The calculation of a-NagSigOg 
was only 3% different from the accepted value. The light rare-earth 
a-pyrosilicate enthalpies of formation were found to be between -835 
and -900 kcal/mole, while the high temperature polymorphs ranged 
between -600 and -625 kcal/mole. 
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